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Für die Zorns: Mathilde Zorn, Hans Zorn und Mathilde Zorn





Der Jammer mit der Menschheit ist,

daß die Narren so selbstsicher sind

und die Gescheiten so voller Zweifel.

Bertrand Russell, 18.5.1872 bis 2.2.1970,

britischer Mathematiker und Philosoph.





Danksagung

An dieser Stelle möchte ich allen für ihren Beitrag zum Gelingen dieser Arbeit danken.
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Preface

The topic of the present work is the analysis of electron densities. This involves in particular

the interpretation of electron density distributions in terms of chemically meaningful objects

such as bonds, lone-pairs etc. pp. and the comparison of experimentally and theoretically

determined electron densities. Since it is a well known fact, that theoretically and experimen-

tally derived densities of polar bonds in molecules very often cannot be compared directly,

e.g., in terms of the quantitative numbers of their topology, there is no direct benchmark for

the comparison between experiment and theory.

In consequence, it is investigated how the electron densities obtained from quantum mechan-

ical calculations change, when the level of calculation, i.e., the method of calculation and

the basis set, is varied. The internal behavior of theoretically derived density distributions is

investigated in terms of correlations between bond topological parameters and bond lengths.

Additionally, a comparison to experimental data will be given.

To obtain full information about the comparability to the experimental obtained densities it

is further investigated how the atomic interactions are affected by the employment of small

substituents, such as Me and H instead of the bulky tBu groups, which reduces the compu-

tational effort dramatically and thus allows for the use of higher sophisticated computations.

In the subsequent chapter some background knowledge to the experimental determination

of charge density distributions in crystals from high resolution X-ray measurements is given.

The criticism of the refinement procedure is followed by suggestions for improvement.

In the third part of this work the applications to questions of actual chemical research follow.

This work was done in close cooperation with Prof. Stalke and co-workers, who synthesized

and crystallized the molecules under consideration and performed the high resolution X-ray

i



ii Preface

experiments.

All experimental work was performed by the Prof. Stalke and co-workers. The particular

interest for the given set of molecules is the question whether hypervalency is present in these

molecules or not. Two sulfurimides, which are classical examples of hypervalent molecules,

were investigated in combination with two further compounds containing formal single and

double sulfur-nitrogen bonds, for which the textbook canonical forms indicate hypervalency.

The molecules were analyzed in terms of topological properties of the density distribution.

The findings of theory and experiment are in fair agreement and both exclude hypervalency.

Furthermore, a highly coordinated silicon compound was investigated in the same manner.

The comparison between theoretically and experimentally derived bond descriptors was not

only performed on the overall topological properties of the electron distributions, but also

on the individual bond topological properties and by means of energy density values. There

is an excellent agreement between theoretically and experimentally determined quantitative

bond descriptors. Natural Bond Orbital and Natural Resonance Theory calculations were

performed, which underline and strengthen the findings. Furthermore, the highly ionic bond-

ing in the silicon compound was analyzed and visualized by means of Electron Localization

Function calculations. Isosurfaces of constant ELF value were calculated and presented. The

electron population of bond basins were calculated and ascribed to the atomic contributions.

A short summary is closing the work.

ii



Chapter 1

Introduction

In this chapter a number of density analyzing tools is introduced, some of which are discussed

in detail in following sections.

In chemistry, molecules are often regarded to be composed of functional groups. The

functional groups show typical characteristics that are retained in different molecular envi-

ronments. From this point of view the properties of the entire molecule can be reduced to

the sum of the properties of its functional groups. The properties of the functional groups

in turn are determined by hybridization states and electronegativities of single atoms.

The whole periodic system of elements was historically constructed by placing atoms,

that show similar behavior in the same column. Since atoms and functional groups are

elementary units of high recognition, it is just natural to think about chemical processes in

terms of almost unchanged atoms connected by bonds, which are somehow located between

them.

In contrast to this, the quantum mechanical description presumes indistinguishable

electrons in the external field of the nuclei. The indistinguishability of micro-particles is a

very fundamental assumption, from which according to Pauli the classification into bosonic

and fermionic particles follows. Mathematically, there is no difference between an N-particle

state in the field of one exclusive nucleus or in the field of two or more nuclei. Chemically,

the difference is very important, since the forming of a molecule from single atoms estab-

lishes chemical bonds, whereas in the quantum mechanical description this makes only the

1



2 Chapter 1 Introduction

difference of solving a spherically symmetric problem or a problem with cylindric symmetry.

The quantum mechanical calculations in general predict correct atomic and molecu-

lar properties, as demonstrated by Schrödinger, who was the first to describe the density

distribution and the discrete line spectrum of the hydrogen atom in accordance with the

observed, and at that time not well understood, experimental facts. Nevertheless, the calcu-

lation scheme is not well suited to think about molecules in terms of functional groups, since

the individual contributions from characteristic constituents cannot be easily restored from

indistinguishable electrons in an external field. Thus, from the very beginning of quantum

chemistry, there have been attempts, to reintroduce atoms as well defined subsystems of

molecules into the N-particle quantum system.

Interestingly, an atom in a molecule has almost the same electron density shape as the

free atom. This can be deduced from X-ray diffraction experiments, which reveal density

cusps of several thousand e/Å3 at the nuclei centers already for nitrogen and sulfur atoms,

decaying very fast in a radial direction, coming down to a few e/Å3 in the bonding region

and then striving again for the next maximum. Typical values for sulfur nitrogen bonds are

as follows: The density cusp at the nitrogen nucleus assumes about 1300 e/Å3, at the point

of smallest density values along the interatomic line, there are approximately 2 e/Å3 and at

the sulfur nucleus the charge density is about 17500 e/Å3. These small values of electron

density between the atoms establish the chemical bond.

Keeping these facts in mind, it seems reasonable to reintroduce atoms by comparing the

densities of the bound and of the free atoms. The density shape of the bound atom cannot be

exactly the same as the density shape of the free atom, since the atomic interactions deform

its ground state shape. However, the similarity to the free atom is known. The difference

between free and bound atoms can be visualized by the deformation density map, where the

sum of the free atomic densities at their positions in the molecule is subtracted from the

molecular density. This yields a map, which describes the flow of density due to chemical

bonding.

Hirshfeld[1] used this deformation density for an elegant approach to define the density

ρA(r) of the (bonded) atom A in the molecule (Hirshfeld stockholder principle) according to

2



3

the following equation:

ρA(r) = ρ(r)
ρ0

A(r)∑
X ρ0

X(r)
, (1.1)

where ρ(r) is the molecular density, ρ0
A(r) is the ground state density of the isolated atom

A and the sum
∑

X ρ0
X(r) is the pro-molecular density consisting of a simple overlay of the

ground state densities of the isolated atoms at their positions in the molecule. It can be

verified easily, that the sum over these bound atoms yields the total molecular density ρ(r).

In this partitioning scheme, the typical quantum mechanical delocalization of particles is

maintained and the atoms interpenetrate each other. In accordance with the well known

fact, that atomic shapes are only slightly distorted in the molecule, the Hirsfeld approach

yields only small atomic charges, which are obtained as usual by integrating the density

of the bound atom over the whole space and subtracting the nuclear charge. Although not

even complicated to compute, the Hirshfeld approach is implemented only rarely in quantum

chemical program packages. It is worth mentioning, that the Hirshfeld approach relies solely

on the density and thus is accessible to the experimentally obtained densities also.

Since the similarity between free atoms and bound atoms is a well known fact, it would

be useful to apply the concept of similarity in a rigorous mathematical way to be able to

quantify and define the similarity of the bound atom to the free atom in a mathematically

exact manner. This has been accomplished in the framework of “information entropy”

functionals (which are also called “missing information” functionals) which assign a non-

negative value S to the integral of the compared densities ρ and ρ0 in the following manner:

S ≡ ∆S[ρ|ρ0] =
∫
ρ(r) ln

[
ρ(r)
ρ0(r)

]
dr ≥ 0. (1.2)

The above given fuctional is called the Kullback Leibler information entropy functional,[2]

it uses the density ρ0 as a reference. Further information entropy functionals are known,

e.g., the Shannon entropy,[3] which is defined analogously to equation 1.2, but without the

reference ρ0.

The quantity S ≥ 0 is a measure of similarity, more often called the “information

distance”, between the density distributions. Recently, Parr and Nalewajski[4] were able to

show, that the Hirshfeld partitioning scheme can be obtained from minimizing the informa-

tion entropy functional independent of the specific information measure used. Due to the

3



4 Chapter 1 Introduction

very recent renaissance of the Hirshfeld partitioning scheme there is increasing activity in

this field.

Another possibility of real space partitioning are loge1 theories, first developed by

Daudel.[5] This approach also uses information entropy minimization concepts, but focuses

on the maximization of the probability of finding a certain integer number of electrons

exclusively in a given volume, the loge. In this way, the total molecular density is decomposed

into individual, chemically meaningful loges, i.e., core loges, bond loges, lone pair loges,

localized and de-localized bond loges.

A recent loge theory, constructing loges from the condition to exclude all but 2 electrons

from an enclosed volume by using shape optimization techniques has been suggested by

Savin.[6] When the wavefunction of an N-particle system is integrated over all spin and

space variables but 2 and evaluated for a set of 2 spin and space variables, (r1, σ1) and

(r2, σ2), then the absolute square of this function gives the probability of finding an electron

with spin σ1 at r1 and another electron with spin σ2 at r2, regardless of where the other

N − 2 electrons are, i.e., other electrons can also be close to r1 and r2. In contrast to this,

the work of Savin is focussing on regions in space, exclusively dominated by an electron.

A widely used theory of atoms in molecules is the theory according to Bader.[8] The

partitioning scheme arises from the “zero flux condition”, which is the 2-dimensional area of

minimum density between neighboring atoms. With this partitioning scheme, one obtains

distinct, non-overlapping atomic regions. This theory will be discussed in more detail in

chapter 1.1.1.

Another real space partitioning scheme is the electron localization function ELF, intro-

duced by Becke and Edgecombe,[7] which makes use of the conditional probability of finding

a same spin electron near a reference electron and thus gives a measure of the repulsion

of same spin electrons, as postulated by the Pauli exclusion principle. Similar to the loge

theories, this leads to a partitioning of real space into core, lone-pair and bond basins, with

the difference, that the number of electrons in an ELF basin is in general not an integer

number. This will be discussed in detail in section 1.1.2.

1The designation “loge” was formed by Daudel, the appropriate designation in english would be “lodge”.
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Besides all of the above mentioned real space partitioning schemes, there are also par-

titioning schemes in the space of (square integrable, normalized) wavefunctions, the Hilbert

space. An example for a Hilbert space partitioning is the very common convention in chem-

istry to classify electrons according to spectroscopic states, i.e., K electrons and L electrons

et cetera, thereby distinguishing electrons by their state, i.e. the quantum numbers, or the

orbital. This is clearly based on the probability distributions for single electrons, the single

particle state, obtained from quantum mechanical calculations. Since the inner shells of the

atomic density distribution are regions of low energy (with zero energy at infinity), they are

assumed not to take part in chemical reactions, which take place at an energy scale of a

few eV whereas the binding energy for inner shell electrons is significantly higher. These

inner regions are often called core regions, whereas those regions of charge density, that un-

dergo distinct changes in the formation of a molecule are often called valence regions. This

separation reflects also the individual recognition of atoms.

It should be mentioned here that there is a highly accurate theory which is very close

to the picture of atoms bound by electron pairs, the Valence Bond Theory (VB). The first

valence bond calculation was performed by Heitler and London for the H2 molecule.[9] They

used atomic orbitals (AOs) χ, centered at the nuclei A and B to form a total wavefunction

Φ that is composed of the covalent terms only,

ΦHL = (χAχB + χBχA) [αβ − βα], (1.3)

where the second bracket is the total antisymmetric spin function. The HL Ansatz uses

atomic orbitals which do not change their shape when forming a chemical bond. There are

different possibilities to take these changes in the shape into account: the addition of ionic

terms into the HL Ansatz:

ΦHL =


a0 (χAχB + χBχA)︸ ︷︷ ︸

φcov

+a1 (χAχA + χBχB)︸ ︷︷ ︸
φion


 [αβ − βα] (1.4)

= a0φcov + a1φion, (1.5)

where the parameters a0, a1 are determined via energy minimization, is one possibil-

ity; another possibility is to allow the atomic orbitals to relax into their distorted molecular

equilibrium shapes, this is known as Coulson Fisher Valence Bond theory. Generalizing the

5



6 Chapter 1 Introduction

Coulson Fisher Ansatz to arbitrary basis set size (and not only minimal basis set size), one

yields the Spin Coupled Valence Bond Theory.2 The Valence Bond calculations yield local-

ized bonds from singlet coupling of two electrons. The participating orbitals are basically

slightly distorted atomic orbitals. This is similar to the usual chemical description. Unfortu-

nately, it is computationally very demanding to calculate VB structures, in consequence VB

calculations can be performed for very small systems only. In a way, many density analysis

tools can be regarded as transforming the calculated wavefunction into its VB counterpart.

When the molecular wavefunction is computed within the widely used Linear Com-

bination of Atomic Orbitals (LCAO) Ansatz, it is assumed that Molecular Orbitals (MOs)

φi =
∑M

α cαiχα are completely delocalized over the whole molecule.3 The atomic orbitals

χα and their individual coefficients cαi completely determine the density matrix of the whole

molecule. In the absence of external electromagetic fields the density contribution of MO

number i at r is ρi(r) = φ2(r). For the calculation of the density the non-orthogonality

of the AOs has to be taken into account: φ2
i =

∑AO
αβ cαicβiχαχβ. Spatial integration and

summation of all MOs must yield the total number of electrons:

MO∑

i

ni

∫
φ2

i dr =
AO∑

αβ

(
MO∑

i

nicαicβi

)∫
χαχβ dr =

AO∑

αβ

DαβSαβ = N, (1.6)

where an occupation number ni has been introduced, which, along with the MO coefficients

cαi and cβi, yield the density matrix Dαβ; Sαβ is the overlap matrix of AOs χα, χβ. In the

Mulliken[10] population analysis the last term in the above equation is used to define the

density associated with atom A as:

ρA =
AO∑

αεA

AO∑

β

DαβSαβ . (1.7)

The Mulliken partitioning scheme enables the calculation of atomic charges according to

QA = ZA − ρA, where ZA is the nuclear charge of atom A. Instead of the non-orthogonal

AOs χα orthogonalized AOs χ′α could be used equivalently, the calculated charges should

not differ, as long as they are physically and chemically meaningful. The use of orthogonal
2For more details see, e.g., Jensen, F. Introduction to Computational Chemistry; John Wiley & Sons Ltd.:

Chichester, 1999, page 195 and following pages.
3See, for example, Jensen, F. Introduction to Computational Chemistry; John Wiley & Sons Ltd.: Chich-

ester, 1999, page 217.
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AOs in the population analysis goes back to Löwdin.[11] Unfortunately, the charges obtained

from Mulliken and from Löwdin population analysis are in general different. Moreover, these

charges depend heavily on the choice of the atomic orbital set, particularly, when diffuse func-

tions are included. A detailed analysis of Mulliken and Löwdin population analyses reveals

even further disadvantages: very diffuse functions contribute significantly to the density in

regions far from the center, but the density is counted only for that center. Furthermore,

dipole and higher moments of the charge density distribution are not reproduced by the

population schemes.

These problems can be avoided by using the Natural Population Analysis as developed

by Weinhold et al.[12–14] In this theory the diagonalized first order reduced density matrix

is used for the population analysis. Besides the Natural Atomic Orbitals also Natural Bond

Orbitals are defined within this theory. These are used to localize bonds between atomic

centers. A set of highly occupied Natural Bond Orbitals is called a Natural Lewis Structure.

In this way the NBO formalism leads to a decomposition of the molecular density into Natural

Lewis Structures, which is very close to the usual picture of Lewis structures. If delocalization

effects come into play, like in benzene, the Natural Resonance Theory is invoked, which

describes the total molecular density as composed of different Natural Lewis Structures,

each of them contributing to the total density with a certain weight. This approach will be

discussed in more detail in chapter 1.1.3.

Section 1.1.1 gives a brief introduction in and criticism of the theory of Atoms In

Molecules according to Bader. In the same manner, the Electron Localization Function

and the Natural Bond Orbital analysis will be discussed in the sections 1.1.2 and 1.1.3,

respectively.

7



8 Chapter 1 Introduction

1.1 Background, foundations and criticism of density analyz-

ing methods

1.1.1 Atoms in molecules according to Bader

One of the real space partitioning schemes of molecular systems into atomic contributions

is the Atoms In Molecules (AIM) theory according to Bader. A very detailed introduction

to the AIM theory is given in the monograph by Bader.[8] The basic idea is to achieve the

exhausting partitioning of real space into disjoint areas by means of a topological analysis of

the electron density. The following section gives a brief description of the basic formalism.

The discussion is limited to fundamental aspects of AIM, i.e., the definition of an atom in its

molecular environment and the topological analysis of the electron density and its derivatives.

An additional section summarizes the criticism that the AIM theory has received in literature.

1.1.1.1 Basic formalism of the AIM theory according to Bader

In the AIM theory according to Bader, an atom is defined as a nucleus and its basin, with

boundaries according to the local zero flux condition (equation (1.8)):

∇ρ(r)n = 0, (1.8)

where n is the (outward directed) normal vector of the infinitesimal small piece of the surface

∂Ω, the boundary of the atomic volume Ω. The surface ∂Ω is constructed from the sum of

points in space, which all fulfill equation (1.8). What is the particular characteristic in the

choice according to equation (1.8)? Every choice of real space partitioning that is unique and

exhausting can be used to define atomic charges and higher moments. Bader asserts, that

the definition according to equation (1.8) is “in accordance with quantum mechanics”, i.e.,

the atom in the molecule according to equation (1.8) is not postulated but can be derived

from an underlying principle. This venture is not only of a high aesthetical attraction, but

also reduces the arbitrariness of the definition of an atom in a molecular environment to a

compulsive level. Unfortunately, this derivation of the local zero flux surface condition from

an underlying physical principle has been subjected to criticism to be addressed in the next

section.

8



1.1 Background, foundations and criticism of density analyzing methods 9

The surface ∂ΩA defines the boundary of atom A. With this partitioning of real space

in disjoint atomic basins all atomic properties follow from integrating the corresponding

density over the atomic basin. The number of electrons belonging to atom A for example is

defined according to equation (1.9):

NA =
∫

ΩA

ρ(r) dr, (1.9)

which yields in general no integer numbers. From this follows the atomic charge by subtract-

ing the nuclear charge according to equation (1.10):

q(Ω) = (ZΩ −N(Ω))e (1.10)

Dipole- and higher moments of the charge density distribution can be defined in an ana-

log way. It is obvious, that in this theory there are no “atoms” and “bonds”, but only

atoms sharing a common zero-flux surface. A suggestion according to Cioslowski[15] restores

the chemical bonds by introduction of localized electron pairs. In the context of rigorous

interpretation of the density, this seems to be a step backwards.

The interaction between atoms is analyzed according to the topological analysis. There

are 4 different non-degenerated topological objects in 3-dimensional real space: local max-

ima, local minima and two kinds of saddle points. The local maxima in the charge den-

sity correspond to the positions of the nuclei, where the electron density exhibits a cusp.

Mathematically, there is no derivative defined at the cusp. However, this is not a real defi-

ciency of the theory, because the cusp can always be modeled by a well defined function (a

“homeotopic” function), which up to an arbitrarily small region of space is exact the same

as the Slater type function. The remaining topological objects are the local minima and the

saddle points. Obviously, local minima appear, where density is taken away from all spatial

directions. This is the case in a cage. Saddle points with concentration of charge in two

directions and charge depletion in one direction takes place in a ring. Finally, charge con-

centrations in two directions and depletion in only one direction appears where two atoms

interact, which is another type of saddle point. The topological objects are characterized by

the Eigenvalues λi, i = 1, 2, 3 of the Hessian, the 3 × 3 matrix of mixed second derivatives

with respect to the Cartesian coordinates. A brief overview is given in Table 1.1.

9



10 Chapter 1 Introduction

Tab. 1.1: Topological Objects in the Charge Density

Topological Signum (Number of Eigenvalues, designation

object λi, i = 1, 2, 3
∑3

i=1
λi
|λi|)

local maximuma −,−,− (3,-3) attractor

local minimum +,+,+ (3,+3) cage critical point (CCP)

saddlepoint (ring) +,+,− (3,+1) ring critical point (RCP)

saddlepoint (bond) −,−,+ (3,-1) bond critical point (BCP)
aThe Hessian Eigenvalues refer to a homeotopic function. In the first column the name of the topological

object is given. The second column denotes the signs of the Eigenvalues of the Hessian. In the third row the

numbers of the Eigenvalues and the sum of signs of the Eigenvalues is shown. The last column shows the

designations and corresponding abbreviations.

For the characterization of chemical interactions, the bond critical point (BCP) is fur-

ther investigated: A high density at the BCP accompanied by dominating negative Eigen-

values λ1, λ2, such that the Laplacian is negative, ∇2ρ(rBCP) =
∑3

i=1 λi < 0, is called a

“shared interaction” and is associated with covalent bonding modes. A low density at the

BCP accompanied by a dominating positive Eigenvalue λ3, such that ∇2ρ(rBCP) > 0 is

called a “closed shell interaction” and is associated with ionic bonding modes. These are the

textbook examples of chemical bonding. Not all bonding modes fit smoothly into this simple

scheme, e.g., when a high charge density is accompanied by a distinct positive Laplacian.

It is not clear whether this represents a covalent or an ionic bonding mode or both. This

is exactly the situation appearing in the sulfur nitrogen bonds, which will be discussed in

chapter 3.1.

The topological analysis of a function as discussed above is not limited to the charge

density only, but can be performed with every smooth and differentiable function of the

spatial coordinates. One example is the Electron Localization Function, η(r), according to

Becke and Edgecombe,[7] which will be discussed in section 1.1.2. The topological analysis

of the ELF funtion was introduced by Silvi and Savin.[16] Another example is the Laplacian

field: its topology is reported in the literature for the water molecule.[17]

Also in the AIM theory the Laplacian is evaluated by means of a topological analysis

10



1.1 Background, foundations and criticism of density analyzing methods 11

in a qualified sense. The local maxima of the Laplacian field are regarded as the physical

basis of the VSEPR model (see chapter 7.2 of ref [8]), indicating lone pair densities and

covalent bonding modes. Local charge concentrations in the valence shell appear as local

maxima in the negative Laplacian of the charge density. These charge concentrations are

defined as points with locally higher charge concentration than in the proximity. This does

not imply cusps or a local increase in the density. Thus, the determination of local maxima

in the density concentration requires the calculation of the 4th derivative of the density with

respect to the coordinates. For practical applications this is a demanding numerical task.

1.1.1.2 Criticism

Despite the wide use of the AIM theory, it also received some fundamental criticism from

Chenai and Jayatilaka.[18] An ambiguity of the fundamental definition of an atom according

to equation (1.8) is identified due to the gradient lines originating from a nucleus, which

also obey this definition. The authors criticize the inconsistency of excluding the cusp at the

nucleus from the definition of the zero flux surface due to the non-existence of derivatives at

this particular point but to include the cusp at the nucleus in the definition of topological

objects like a (3,-3) critical point in the density, which also requires the existence of deriva-

tives. Further criticism refers to the non-uniqueness of the space partitioning, since excited

states, e.g., for the hydrogen atom exhibit nodal planes in the Laplacian. Additionally, it is

criticized that atomic domains may vanish, when vibrational states are considered and that

excited vibrational states can generate multiple atomic domains. Another point of criticism

is that the local zero flux condition is not necessary but only sufficient, since it is a stronger

condition than the net zero flux condition:

∫

Ω
∇2ρ(r) dr = 0. (1.11)

They give an example also obeying the zero flux condition (1.8) with an arbitrary (smooth

and differentiable) vector field A(r) and applying the theorem of Gauß4. The Ansatz

∇ρ(r) · n(r) = ∇×A(r) · n(r) ∀r ∈ ∂Ω (1.12)

4See, e.g., Bronstein, I. N.; Semendjajew, K. A. Taschenbuch der Mathematik, 25., durchgesehene Auflage;

B. G. Teubner Verlagsgesellschaft: Stuttgart, Leipzig 1991, page 578.
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12 Chapter 1 Introduction

leads to:
∫

∂Ω
∇×A(r) · n(r) d(r) Gauß= (1.13)

∫

Ω
∇ (∇×A(r) · n(r)) d(r) ≡ 0 (1.14)

which is zero by definition. The last, and probably most fundamental point of criticism

concerns the use of (an extension of) the Schwinger variational principle[19] in Bader’s devi-

ation of the local zero flux condition.5 The line of argumentation is that the variation of the

test-function has to be performed without restrictions to the form of the test-function. If a

test wavefunction exhibits one or more locally dominating spikes, then additional zero flux

surfaces are generated. Thus, some basic assumptions (e.g. bijectivity of the mapping of the

local zero flux surfaces of test-wavefunctions Φ and Ψ, where Ψ is in arbitrarily close neigh-

borhood to Φ) are not met. For further details see ref [8]. This criticism has caused a debate

that still did not come to an end yet. A contribution from Delle Site claims Bader’s inter-

atomic surfaces to be unique,[20] a comment from Kryachko, in turn, criticizes the counter

example of Chenai and Jayatilaka in the above mentioned reference.[21] Bader also responds

in a polemic.[22]

5Schwinger’s variational principle is of funamental importance in quantum mechanics. The Schrödinger

equation, which is often said to be not derivable from underlying principles, can be derived from the Quantum

Action Principle and the Principle of Stationary Action. A very brief introduction to these principles is given

in Appendix C. Further information can be obtained, e.g., from the excellent monograph [160] .
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1.1 Background, foundations and criticism of density analyzing methods 13

1.1.2 Electron Localization Function

According to the Pauli-exclusion principle for fermions, electrons have to occupy different

states with increasing energy. In contrast to fermions, bosonic particles are allowed to occupy

the same state. Thus, the total energy of an N particle fermionic system is greater than the

total energy of an N particle bosonic system provided that all single-particle properties but

spin remain the same. The excess kinetic energy density of the fermion system can be

visualized by the Electron Localization Function, (ELF), which is briefly deduced in the

next section. The basic idea is to evaluate the conditional probability of finding a same

spin electron near a localized reference electron. When this probability is very small, then

the reference electron governs the region where it was assumed to be localized. When this

conditional probability is high then obviously more than one same spin electron contribute

to the total density in this region.

1.1.2.1 Basic ideas and formalism

In this section a brief deduction of the Electron Localization Function (ELF) according to

Becke and Edgecombe[7] is given. It follows roughly the presentation given by Prof. Groß

in a ring-lecture of the “Graduiertenkolleg 690: Elektronendichte” in December 2001. The

solution of the Schrödinger equation of a 2 electron system:

ĤΨ(r1σ1, r2σ2) = EΨ(r1σ1, r2σ2), (1.15)

yields the Eigenfunction Ψ(r1σ1, r2σ2) and the Eigenvalue E. The absolute square of the

wavefunction

| Ψ(r1σ1, r2σ2) |2= Dσ1,σ2(r1, r2) (1.16)

is the probability of finding one electron with spin σ1 at the position r1 and finding si-

multaneously another electron with spin σ2 at the position r2. This can be generalized to

a N-electron system. Considering a N-electron wavefunction Ψ(r1σ1, r2σ2, r3σ3, . . . , rNσN )

and integrating over the coordinates of all electrons but 2 yields:

13



14 Chapter 1 Introduction

Dσ1,σ2(r1, r2) = N(N−1)
2

∑
σ

∫
d3r3 . . .

∫
d3rN−1

∫
d3rN | Ψ(r1σ1, r2σ2, r3σ3, . . . , rNσN ) |2,

σ1 =↑, ↓; σ2 =↑, ↓ .
(1.17)

This is a 2× 2 matrix:

Dσ1,σ2(r1, r2) =


 D↑↑(r1, r2) D↑↓(r1, r2)

D↓↑(r1, r2) D↓↓(r1, r2)


 , (1.18)

with diagonal elements with respect to spin and space Dσ,σ(r1, r1) = 0 due to the Pauli

principle. The next step in generalization is the so called one electron density matrix (first

order reduced density matrix):

ρσ,σ′(r, r′) = N
∑
σ2,σ3

∫
d3r2 . . .

∫
d3rNΨ∗(r′σ′, r2σ2, . . . , rNσN )Ψ(rσ, r2σ2, . . . , rNσN )

(1.19)

ρσ,σ′(r, r′) =


 ρ↑↑(r, r′) ρ↑↓(r, r′)

ρ↓↑(r, r′) ρ↓↓(r, r′)


 (1.20)

which has no physical interpretation, except the diagonal elements with respect to spin and

space coordinates: ρσσ(r, r) is the probability of finding a particle with spin σ at the point

r. Consider the following conditional probability:

Pσ(r, r′)
def
:=

Dσσ(r, r′)
ρσ(r)

. (1.21)

This is the probability of finding an electron with spin σ at r′ under the condition, that

there is another electron with the same spin with certainty at r. For the sake of simplicity

it is easier to change the coordinates from r, r′ to r, s, with s = r′ − r:

pσ(r, s) = P (r, r + s), (1.22)

and dispose the angular dependence by spherically averaging.

14



1.1 Background, foundations and criticism of density analyzing methods 15

pσ(r, | s |) =
∫ π

0
sinΘdΘ

∫ 2π

0
dφpσ(r, | s |,Θ, φ) (1.23)

If the electron with spin σ is with certainty at the reference point r, then pσ(r, s) is the

probability of finding another electron with the same spin at the distance s of the reference

point, independent of the direction. The Taylor series expansion of this probability yields:

pσ(r, s) = pσ(r, 0)︸ ︷︷ ︸
= 0 due to the

Pauli principle.

+
dpσ(r, s)

ds

∣∣∣∣
s=0

· s
︸ ︷︷ ︸

= 0 due to the

cusp-condition.

+ Cσ(r)︸ ︷︷ ︸
6= 0, measure-

ment of localiza-

tion.

s2 + . . . (1.24)

The first term vanishes due to the Pauli-principle, the second term vanishes due to

Kato’s cusp condition.6 Cσ(r) is the first non-vanishing term of the Taylor series expansion

of pσ(r, s), it gives the probability of finding a second like-spin electron very near the reference

electron at r. If this probability is low than the reference electron must be well localized at

r. So a small Cσ corresponds to strong localization of the reference electron at r.

For the evaluation of Cσ(r) for Ψ approximated through a single determinant of spin

orbitals φiσ(r), the one electron matrix has to be formulated as:

ρσσ(r, r′) =
N∑

i=1

φ∗iσ(r′)φiσ(r). (1.25)

Together with the HF (and Kohn-Sham) density:

ρHF
σ (r) =

Nσ∑

i=1

| φiσ |2, (1.26)

this yields:

DHF
σσ (r, r′) = ρHF

σ (r)ρHF
σ (r′)− | ρHF

σσ (r, r′) |2 (1.27)

CHF
σ (r) =

Nσ∑

i=1

| ∇φiσ(r) |2 −1
4

(∇ρσ(r))2

ρσ(r)
(1.28)

6See, e.g., the original publication: Kato, T. Commun. Pure Appl. Math. 1957, 10, 151.
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To obtain values of the Electron Localization Function η(r) between 0 and 1 it is

defined as:

η(r) =
1

1 +
(

Cσ(r)
Chom

σ (r)

)2 , (1.29)

where the electron gas has been introduced as a reference:

0 ≤ η(r) ≤ 1 (1.30)

Chom
σ (r) =

3
5
(6π2)

2
3ρ

5
3
σ (r) = τhom

σ (r). (1.31)

A high localization corresponds to Cσ(r) = 0 which is connected to η(r) = 1 via equation

(1.29), whereas delocalization corresponds to Cσ(r) = 1 which yileds η(r) = 1
2 . The ELF is

able to recover the atomic shell structures also for heavier atoms in contrast to the Laplacian

distribution, which is only able to recover a maximum of 5 shells.[7] Furthermore it is able

to detect lone pair and bonding regions.

1.1.2.2 Criticism

The ELF recovers the atomic shell structure[23] and is able to detect bonds in systems where

localization procedures necessarily fail, i.e., in degenerated systems like B4H6
2−, where 7

electron pairs are present.[24, 25] On the other hand, the ELF might lead to more than one

maximum for a bond, or to no maximum where a bond is apparent (memory effect).[24] It has

furthermore been criticized that the ELF makes use of a reference system, the electron gas,

which appears in the denominator of the quadratic term in equation (1.29), and a suggestion

is made for defining a localization function without reference system (Electron Localizability

Indicator, ELI), which was defined exclusively at the Hartree Fock level, where it resembles

the ELF of Becke and Edgecombe.[26] Tsirelson and Stash[27] developed an approximation

to the ELF, that relies solely on the density and its derivatives.
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1.1 Background, foundations and criticism of density analyzing methods 17

1.1.3 Natural Bond Orbitals and Natural Resonance Theory

1.1.3.1 Basic formalism

The Natural Bond Order (NBO) analysis as provided by Weinhold et al.[12–14] is a succes-

sive transformation of the input basis to Natural Atomic Orbitals (NAOs), Natural Hybrid

Orbitals (NHOs), Natural Bond Orbitals (NBOs) and, finally, Natural Localized Molecular

Orbitals (NLMOs). In this sequence, the first order reduced density matrix representation of

the wavefunction is split into parts belonging to atomic centers only (NAOs and NHOs) and

parts referring to 2 center interactions (NBOs, NLMOs). Thus, the important step to de-

scribe the total wavefunction as composed of regional contributions is already accomplished

at this stage. Finally, a set of highly occupied NBOs is obtained, the Natural Lewis struc-

tures. Their occupation numbers are restricted to exceed 1.9. Weakly occupied anti-bond

and Rydberg orbitals complete the span of the NBO space. The NBOs are formed from the

NHOs of atoms A and B (abbreviated as hA and hB) by the linear combinations

σAB = cAhA + cBhB, (1.32)

σ∗AB = cAhA − cBhB, (1.33)

where σAB refers to a Lewis and σ∗AB to a non-Lewis orbital. The non-Lewis anti-bonds play

the primary role in departures from the Lewis structures. In this sense “delocalization” of

electrons and “resonance” are interchangeable words in the context of NBO analysis. When

the threshold of 1.9 for ”bond orbitals” cannot be achieved, e. g. due to aromaticity as

in benzene, the threshold is lowered systematically in steps of 0.1 and the NBO search is

repeated. This is the case of strong delocalization which leads to the NRT analysis to be

described below. From the NBO description one obtains:

• the type, occupancy and energy of AOs from the Natural Population Analysis (NPA)

output

• the Natural Charge, which is the nuclear charge minus the summed Natural Populations

of the NAOs of the atom

• the detailed composition of NBOs from hybrid orbitals ha, hB and coefficients cA, cB,

17



18 Chapter 1 Introduction

and classification into 2-center-bond, 1-center lone pair, 1-center core pair, 1-center

Rydberg, 2-center anti-bond.

These are selected parts of the NBO output always present. Much more output can - and

usually is - generated, even if special requests are not performed The Natural Charge can

be regarded as formal atomic charge as obtained from a standard Lewis structure, differing

only with regard to charges are not being restricted to integer multiples of the elementary

charge. The ionicity iAB of the A-B bond is derived from the equation:

iAB =
∣∣∣∣
c2A − c2B
c2A + c2B

∣∣∣∣ , (1.34)

which is positive definite and always smaller than unity. It vanishes for equally contributing

hybrids and it assumes unity in the limit of a vanishing hybrid contribution ha = 0 or hB = 0.

The bond orders are determined by

bion
AB = bABiAB (1.35)

and

bcov
AB = bAB(1− iAB). (1.36)

with bAB being an integer number of bonds connecting centers A and B in this resonance

structure. For example for the H2O molecule, which is represented by one Lewis structure

(single reference case, almost no delocalization), the O-H bond is calculated with a total bond

order of unity, split up into ionic and covalent contributions of 0.46 and 0.56, respectively

(B3LYP/6-311++G** calculation)7.

7In Appendix A more NBO/NRT calculations on the water molecule are given for the illumination of

the connection between usual resonance concepts and the Natural Resonance concept and to illustrate the

influence of including and excluding Lewis structures from the list of reference. In the present context it

is important to note, that a O − H bond of the water molecule is of high ionic character, which might be

in contradiction to chemical intuition. The situation is very similar to VB calculations on H2, which also

yield a high ionic character of the H − H bond. These ionic contributions reduce to a minimum, when

the atomic orbitals are allowed to relax into their molecular equilibrium shape as explained at page 5. For

further information see also Jensen, F. Introduction to Computational Chemistry; John Wiley & Sons Ltd.:

Chichester, 1999, page 197 and following pages.
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1.1 Background, foundations and criticism of density analyzing methods 19

The Natural Resonance Theory (NRT) analysis, becoming increasingly important in

the cases of strong delocalization, which manifests in severely de-populated NBOs (popula-

tion smaller than 1.9), allows the description of the total molecular total density in terms of

multiple Natural Lewis structures, thus introducing the resonance concept. The total bond

orders are obtained by adding up the weighted individual contributions of the individual

Natural Lewis structures. The weights are obtained by minimizing the difference between

resonance weighted NBO occupancies and exact NBO occupancies. To be more precise: The

total molecular one-electron reduced density matrix Γ̂ is approximated by the sum of the

weighted individual one-electron density matrices Γ̂α referring to the Natural Lewis struc-

tures

Γ̂ '
∑
α

wαΓ̂α (1.37)

where the weights are restricted to be positive definite and to sum up to unity to preserve

the normalization, hermeticity and positivity of the exact one-electron density matrix:

wα ≥ 0,
∑
α

wα = 1. (1.38)

For the sake of simplicity it is preferable to concentrate on the single reference case first:

The set of NBOs {σi}, i = 1, 2, ..., n defines the leading resonance structure with exact

diagonal occupation numbers

qi = 〈σi|Γ̂|σi〉. (1.39)

Off-diagonal elements can be neglected in the single reference case, because they de-

scribe the coupling to other Natural Lewis Structures which was chosen to be very small ac-

cording to the premise of the single reference case. Only in the cases of two or more Natural

Lewis Structures contributing comparably, those off-diagonal elements become important.

The occupation numbers (1.39) are approximated by the resonance weighted occupation

numbers q̃i

q̃i =
∑
α

wα〈σi|Γ̂α|σi〉 (1.40)

by means of a least squares fit:

d(w) = min

{
1
n

n∑

i

(q̃i − qi)2
} 1

2

(1.41)
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with respect to the vector of weights w.

In the multi-reference case, what has been the leading resonance structure becomes a man-

ifold r with density matrices Γ̂r
α and optimized weights wr

α, i. e. multi-reference NRT is

applying single reference NRT within each manifold. The set of reference weights {W r} must

satisfy

W r
α ≥ 0,

∑
r

Wr = 1 (1.42)

and is determined by minimization of

D(Wr) = min





1
n
Tr

(
Γ−

∑
r

W rΓr

)2




1
2

(1.43)

where “Tr” denotes the matrix trace, Γ denotes the molecular density matrix and Γr denotes

the density matrix of the respective manifold. To yield the final weighting of the individ-

ual contributing resonance structures, the optimized weights of the manifolds have to be

combined with the optimized weights within each manifold:

wα =
∑

r

wr
αW

r. (1.44)

1.1.3.2 Criticism

A frequently expressed point of criticismto NBO/NRT theory refers to the Hilbert space

partitioning, which is often regarded as being not unique. Cioslowski, for example assumes in

an article8 about “Electronic Wavefunction Analysis” the Hilbert space partitioning schemes

to be in principle not free of bias and not to converge to well defined limits:

“[...]. Unlike their counterparts produced by Hilbert space partitioning and other ar-

bitrary approaches, these properties are free of bias and enjoy convergence to well-defined

limits with improvements in the accuracy of the wavefunctions under analysis.”

The impression of arbitrariness might stem from the early attempts of Hilbert space

partitioning, like the Mulliken and the Löwdin population analysis, which suffer from some of

the above mentioned deficiencies, e. g., a strong basis set dependency. However, the orthog-

onalization procedure, that transforms the set of pre-orthogonal orbitals (pre-orthogonal:

8See: Encyclopedia of Computational Chemistry; John Wiley & Sons: Chichester, 1998, Volume 2, p. 893.
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1.1 Background, foundations and criticism of density analyzing methods 21

mutually orthogonal on the same atomic center, but not orthogonal on different centers)

into Natural Atomic Orbitals, which are all mutually orthogonal, is constructed to preserve

highly occupied orbitals in form, whereas orbitals of negligible occupation numbers are free to

change their shape considerably (occupation weighted transformation scheme). This makes

the NBO procedure very stable. As will be discussed in chapter 2, the NBO properties are

observed to be very stable indeed with respect to changes in the level of calculation.
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1.2 The charge density from high resolution X-ray diffraction

experiments

The electron density of atomic and molecular systems is a basic variable of fundamental

importance. A given density ρ(r) and the external potential v(r) are, within a trivial additive

constant, one-to-one connected to each other. Therefore, also the ground state wavefunction

of the system is determined through ρ(r). This is the content of the Hohenberg Kohn

theorem.[28] As a consequence, all physical properties of the atom or molecule can be derived

from the exact ground-state density.

Furthermore, and in contrast to wavefunctions, the electron density distribution is an

observable, which can be determined experimentally with high accuracy, e.g., from X-ray

diffraction experiments.

However, both the experimentally as well as theoretically derived charge density is

subject to a limited accuracy. There are unavoidable fundamental constraints in the calcu-

lations such as basis set limitations and - for all but the smallest molecules - the problem

that the exact (non relativistic) solution is somehow approximated; via truncation of CI,

perturbation theory or approximate density functionals.

The Born Oppenheimer approximation should also be mentioned in this context, since

it introduces the separation of nuclei and electronic degrees of freedom. As in the Full-

CI limit, which is computationally too expensive for most systems, the Born Oppenheimer

approximation efficiently reduces the computational effort and can be avoided for very small

systems. Further technical restrictions are, e.g., the treatment of the nuclei as point charges,

the clamped nuclei approximation, and the frozen core approximation.

All the above mentioned restrictions limit the accuracy of theoretically determined

charge densities. For the quality of the calculation some internal parameters are verified as

the degree of spin contamination or the virial. Finally, the assumptions made have to be

justified by satisfactory consistency with the experiment. In the following section a minimum

background knowledge of measurement and interpretation of experimentally refined densities

is given.

22



1.2 The charge density from high resolution X-ray diffraction experiments 23

1.2.1 Experimental refinement

To interpret the experimentally derived densities correctly the measurement procedure has

to be analyzed critically. In general the experiment is subject to physical, technical and

interpretative (modeling) limitations. Physical and technical restrictions limit the size and

the accuracy of the data file which is interpreted by relating the experimentally derived data

to a density model. Examples for physical limitations are: A finite size and temperature

of the crystal and a wavelength λ with probably small but finite line width. Examples for

technical limitations are: Limited access to diffraction angles due to mechanical restrictions

of the diffractometer, the uncertainty in the variance of the reflexes σ(I) due to the use

of CCD area detectors. Finally, examples for modeling limitations are in the case of the

multipole model: limited flexibility due to truncation of the multipole model at nth order or

due to systematic errors, e.g. resulting from the use of a set of fixed parameters (like the set

of nl for the radial functions of the different atom types) that is not appropriate, or multiple

solutions of the minimization problem due to statistical correlations between the parameters.

These shortcomings are investigated in more detail in the next section.

A beam of X-rays crossing a region of electron density is diffracted. When the diffract-

ing electronic charge distribution is ordered in a periodically array, as given in a crystal,

the diffracted radiation also exhibits a spatial order, which is the Fourier-transformed of

the periodic array. The spatial directions of scattering are those directions, where positive

interference takes place, that is where the Bragg condition is fulfilled:

2dhklsinΘ = nλ (1.45)

where dhkl is the distance of the interfering planes characterized by the Miller indices hkl,

2Θ is the diffraction angle, n is the order of diffraction and λ is the wavelength of the X-ray

beam. In a diffraction experiment only the spatial direction, e.g. in terms of a scattering

angle 2Θ, and the intensities I(Θ) of the reflexes are measured.

What follows is a brief description of the theoretical background for the high resolution

X-ray diffraction experiment. The structure Factor F (H) is the Fourier transformed of the

density:

F (H) =
∫

V
ρ(r) exp [2πiHr] dr (1.46)
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where H is defined by

H(hkl) = ha∗ + kb∗ + lc∗ (1.47)

which is the diffraction vector in reciprocal space:

a∗ = 2π
b× c
V

, b∗ = 2π
c× a
V

, c∗ = 2π
a× b
V

, (1.48)

and

V = a (b× c) (1.49)

is the volume of the unit cell, which is spanned by the vectors a, b and c, that are in general

not orthogonal. In the back transformation, the integral is replaced by a summation:

ρ(r) = V −1
∑

H

F (H) exp [−2πiHr] . (1.50)

What is finally measured in the experiment are the intensities I of reflexes in depen-

dence of the diffraction vector H, or in dependence of an diffraction angel 2Θ, respectively,

that is related to the direction of the diffraction vector H.

I = I(Θ) ∝ |F (H)|2 , (1.51)

The incoming and outgoing beam of a reflex is in plane with the normal vector of the diffrac-

tion vector H of the crystal plane (hkl) and the scattering angle is 2Θ, taken from the

unscattered beam direction to the scattered direction. Like the density, the structure factors

are 3 dimensional objects and such are the individual reflexes Ihkl, thus the total intensity

attributed to a single reflex Ihkl has to be added up from integrated intensities of the spots

on the CCD at different positions of the angle ω. The results are stored in the final output

file of the measurement process, that contains only 4 columns, where the first 3 columns give

the Miller indices h, k, l and the last column stores the total intensity. This is the data file

for the density refinement.

The density at a given point r in the crystal is within the convolution approximation[32]

composed of atomic contributions

ρ(r) =
∑

q

ρat
q (rq). (1.52)
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1.2 The charge density from high resolution X-ray diffraction experiments 25

In the Independent Atom Model (IAM), the single atomic densities are restricted to be

spherically symmetric. This model suffices to obtain very accurate positions of the nuclei,

especially from the high angle data. Furthermore, the anisotropic displacement parameters

for non-hydrogen atoms are obtained. Local deformations of atomic charge densities are not

considered. These are taken into account by the multipole refinement, where the atomic

charge distribution is modeled as:

ρat
q (r) = ρc(r) + PvρV (κr) + ρd(κ‘r) (1.53)

where ρc is the spherical core density, ρv is the spherical valence density and the deformation

density ρd is defined by:

ρd(κ‘r) =
∑

l

Rl(κ‘r)
l∑

m=−l

PlmYlm(
r
r
). (1.54)

Rl are Slater type radial functions and Ylm are spherical harmonics. To compare this density

model with the experimentally obtained intensities of the Miller triples hkl, thermal smear-

ing has to be considered. This is done by multiplying the scattering factor fq(H) with a

temperature factor tq(H), which is not considered in further detail in this work:

F (H) =
∑

q

fq(H)tq(H)exp(2πHrq). (1.55)

Finally, the structure refinement is accomplished by a least squares minimization in depen-

dence of the model parameters pi and the scaling factor k:

M(pi, k) =
∑

H

wH

[
k |Fobs(H)|2 − |Fcalc(H)|2

]2 != min (1.56)

where k is a scaling factor and wH are individual weights related to the estimated standard

deviations of Fobs via:

wH =
1
σ2
H

. (1.57)

The index H refers to a triple hkl according to equation (1.47). When all observed triples

hkl are numbered from 1 to N, then the index H can be replaced by the index i = 1, . . . , N .

The statistical quality measures R1, wR2 and GoF are regarded for judging the quality of

the resulting model:

R1 =
∑N

i=1 (|Fobs,i| − |Fcalc,i|)∑N
i=1 |Fobs,i|

(1.58)
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wR2 =

√√√√√
∑N

i=1wi

(
|Fobs,i|2 − |Fcalc,i|2

)2

∑N
i=1wi |Fobs|4

(1.59)

GoF = (N − n)−1/2

√√√√
N∑

i=1

(|Fobs,i| − |Fcalc,i|)2
σ2

i

(1.60)

where N is the number of used reflections, n is the number of refined parameters and N −n
is the number of degrees of freedom and σi is the estimated standard deviation of obser-

vation i. For perfect agreement between experimental and modeled structure factors, the

enumerator in equations (1.58) - (1.60) reduce to zero, while the denominator remains finite.

In consequence, the statistical measures according to equations (1.58) and (1.59) approach

zero for increasing fit quality.

In equation (1.60), the denominator also approaches zero for increasing fit quality. In

this case, the individual summands approach one, which leads to an overall value of one for

the Goodness of Fit GoF in the case of perfect agreement between observed and calculated

structure factors. For more details on statistics in X-ray structure analysis see, e.g., ref [30],

Appendix H.

1.2.2 Criticism

The loss of the phase information is comparable to the way, some information gets lost on

a photography, when compared to a hologram. As in this analogy, the phase information is

not lost due to fundamental physical restrictions, it is just a technical problem, which could

be solved by the use of X-ray laser beams, which do not exist yet. Mathematically, the loss

of phase information is reflected by regarding the exponential functions in equation (1.50) as

unknown. However, the loss of phase information makes the modeling of the electron density

distribution unavoidable. To solve this problem it is calculated, how the model density would

cause an imaginary beam of the same wavelength λ as the experimental one to be scattered

in various directions hkl with certain intensities. These calculations are to be compared to

the experimental data.

This introduces some technical problems, since the angles and intensities are subject

to a limited accuracy: The detector is mechanically restricted to a maximum angle of about
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1.2 The charge density from high resolution X-ray diffraction experiments 27

150◦ and the detection of high angle data is limited due to the fast decay of the intensities

with respect to 2Θ. In addition, to compare the intensities and angles of a model density

with the measured density (in terms of scattering angles and intensities) some physical effects

have to be taken into account, as there are, e.g., thermal smearing, and absorption of X-rays.

Again these have to be either modeled or the experimental data has to be corrected for these

which implies further assumptions, e.g. about thermal diffuse diffraction. Furthermore any

model of the electron density implies the problem of basis set truncation, e.g. expansion up

to a limited order in the multipole model. This necessarily leads to a systematic error:

Since the integration over the unit cell must yield the present number of electrons, some

electron density is necessarily shifted from places not sufficiently accessible for the basis set

into regions that are easily accessible to the basis set when the basis set is truncated. One

can only try to keep this effect small, by expanding the basis set as much as possible. This,

in turn might hamper the determination of the model-parameters through correlation.

Besides these problems of modeling, which introduce lots of theoretical considerations

and statistics (e.g. when the experimental data is “corrected for” some effects) into the

experimental procedure, there is in principle a problem in measuring electronic densities

that can not be avoided: The spatial resolution of an electromagnetic wave is in the order

of the wavelength λ. From this argument one has to use wavelengths as short as possible.

However, with decreasing wavelength the energy of the radiation is increasing and it is less

scattered. This is of particular interest when modeling the weak density between the atoms,

where the values decrease from several thousands e/Å3 to only a few or even only fractions

of an electron per Å3. This information about regions of only little density is contained in

the low angle data. A typical value for a wavelength is 0.71 Å which is roughly one half to

a third of typical bond distances.

Besides this, there are still practical problems, the size and the shape of the crystal can

influence the measurement, the crystal has to be of excellent quality, e.g. with few crystal

defects, no disorder or twinning. The temperature of the crystal has to be fixed perhaps for

very long exposure times and the primary intensity of the X-ray beam has to be constant.

Coming back to the question stated above, what is the density? All densities discussed in this

work are models of a real physical density, regardless whether experimentally or theoretically
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derived densities are under consideration. Thus, one model is compared to another model

and both are valid only within the validity of their basic assumptions. This is also emphasized

by Tsirelson, when he is stating:

“In the general case the variance of any function reconstructed from the ex-

periment within the framework of a model is defined by the following relation:

das ruecken wir in die Mitte σ2
tot = σ2

s + σ2
m + cov(σs, σm). (3.142)

Here σ2
s takes into account the statistical error, estimated within the accepted

model framework. It includes both a measurement random error and a random-

ized data processing error. σ2
m takes into account the systematic error of a model

(estimator) itself, whereas the third term takes into account the correlation be-

tween errors s and m. The two last terms are difficult to evaluate, and often it is

believed that σ2
tot ≈ σ2

s . This supposition is not true in the general case. This is

why to decrease the uncertainty arising during the experimental data processing

one tries to minimize the two last terms in (3.142). For this purpose one must

use the correct models only and, while working with the latter, one should remain

inside the field of their applicability.”[30]

The considerations of this section are summarized systematically in Table 1.2.

1.2.3 Improvement suggestions

The reconstruction of the electron density distribution in the unit cell (or in the asymmetric

unit) by comparison of the calculated squared structure factors of a model density with the

observed intensities is subject to some limitations, as has been emphasized in the preceding

section. Apart from the technical problems of data acquisition and data quality limitation,

there is still the problem of bias in data interpretation by means of the standard multipole

refinement.[33] Different sources of the bias are conceivable, namely the limited flexibility

of the model and the parameter correlations among the model parameters. From a mathe-

matical point of view, the bias is not surprising since the refinement procedure is a highly

nonlinear application due to correlations in the adjustable parameters. These covariances
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Tab. 1.2: Fundamental restrictions to the experimental X-ray measurement of density distributions

in a crystal via refinement of a model density.

Experimental limitations. . . . . . lead to and . . . . . . could be handled by

Loss of phase informa-

tion

introduction of a (multipole)

model which leads to system-

atic error due to basis set

truncation and/ or correlation

among the model parameters

invention of X-ray laser

Limited wave length limited spatial resolution,

limV→0 ρ(V ) = ρ(r)

—

Finite Temperature of

the crystal

vibrations, thermal smearing cooling of the crystal,

modeling of vibrations

Use of CCD uncertainty in σ(I) use of a counting tube

First-order diffraction

measurement only

loss of information —

Inelastic scattering: ab-

sorption

decrease of intensity modeling of absorption

or correcting exptl.

data for absorption

Thermal diffuse scat-

tering (harmonic and

anharmonic X-ray-

phonon interaction

noise use of statistical weight

w ∝ 1/σ2

Line width of X-Ray

source 1-5 eVa

mixing of wavelengths —

aValue taken from ref [30], p. 111.
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are also o be made responsible for the systematic error as pointed out in the last section. A

consequence of these correlations is, that not only one unique but different solutions to the

minimization problem might exist, which yield about the same statistical quality measures

and the same quality of the residual density. Different solutions to this problems have been

suggested in the literature including basis set expansion of the multipole model to a double

zeta quality.[33] Since these problems are discussed in detail in chapter 2, some suggestions,

which have not been made in the literature and which result from the criticism above are to

be discussed here.

The expansion of the parameter space always leads to the problem of increasing pa-

rameter correlations, as long as the parameters partly describe the same features. From this

result two different possibilities for obtaining electron densities that are systematically less

affected by bias. One way is to choose parameters, that are to a maximum degree mutually

orthogonal. For instance, the radial distributions of the multipoles do not exhibit nodal

planes, which leads to a large spatial overlap. A direct consequence is the negative correla-

tion of radial parameters (or related scaling parameters) when describing electron density in

the overlap region.

Fig. 1.1: Radial functions calculated according to R(r) = αn+3

(n+2)!r
n exp[−αr]1. Standard values for a

Nitrogen atom were used: α = 2.00, n = 2, 3, 4. There is a high degree of spatial overlap.

The other possibility for reducing correlations among the model parameters is to in-

troduce more physical constraints in the multipole formalism. When different solutions in

parameter space are available, which are leading to the same residual density and to the same

1Equation taken from ref [31], page 22.
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statistical measures of quality, in the description of polar bonds, then the solution should be

preferred, that shows the smallest density at the bond critical point, since the bond critical

point is the point of smallest density in nature. This is a simple extremum principle, which

additionally ensures the use of the model’s flexibility to a maximum extent. Furthermore,

since the bond polarity is known to be underestimated in the experimental density model,

this leads to the recommendation to use the model with highest bond ionicity. The obser-

vation, that the shift of the bond critical point towards the electropositive sulfur atom in

a restricted test refinement leads to a significant reduction of the density at the bond criti-

cal point, together with the fact that the discrepancy between theoretical and experimental

densities at the bond critical point is too big to be explained by basis set deficiencies or by

the crystal lattice effects,[67] is a hint towards the correctness and the applicability of this

method.

Other well known constraints which could be used for a internal quality criterion of a

density model are following. For example, the integration of the Laplacian distribution over

the atomic basin should vanish for theoretical reasons9 as well as the gradient of the electron

density integrated over atomic surfaces. The deviations of this integrals from zero could be

used for an internal quality criterion of the density model.

The resulting total forces exerted on the nuclei in a molecule can easily be calculated

from purely classical considerations, when the charge density distribution is given. This is the

content of the famous electrostatic Feynman theorem,[34] which is deduced in Appendix B.

This theorem provides an easily accessible test of the self-consistency of any given molecular

density distribution, including, of course, the results of a density refinement. Furthermore,

since the resulting total force for a system in its equilibrium state vanishes, this theorem

might be used to detect unphysical solutions of the multipole refinement stemming from

correlations between vibrations and scaling parameters (κ, κ′). This is the fourth suggestion

for improvements.

The fifth suggestion for improvements is to use theoretically obtained bond topolog-

9See ref [8], p. 195, where the use of this relation for the testing of the numerical accuracy in calculated

densities is made. However, the application to the multipole model has, to the best of the author’s knowledge,

not been made yet.
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ical values and positions of the BCP from calculations on different levels of theory at the

experimental geometry as a corridor in the same way as this is done in spectroscopical

applications.[35]

The last suggestion is a 4-step refinement procedure which also uses theoretical results:

First step: Generate a (h, k, l, I) file from periodic boundary conditions calculations. Second

step: Perform a density refinement on the theoretically obtained input file. Set vibrational

parameters to zero. Third step: Take the resulting multipole parameters of the calculated

model density from theory as starting values of the experimentally refinement. Fix the

multipole parameters in a first step to obtain vibrational parameters. Fourth step: Use

suggestions 2, 3 and 4 for (hopefully) small corrections. Table 1.3 summarizes the suggestions

for improvements.
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Tab. 1.3: Improvement suggestions to the refinement of a model density.

No. Suggestion

1
Maximization of mutual orthogonality of model parameters, e.g., introduction of nodal

planes in the radial functions.

2
Use of extremum principles for discriminating physical reasonable models from artificial

solutions in the refinement of polar bonds: ρ(rBCP) != Min, d(A)
d(B)

!= Min.a

3 Use of the virial theorem:
∫
Ω
∇2ρ d(Ω) !=

∮
∂Ω
∇ρ d(∂Ω) != 0.b

4 Use of the Feynman theorem: ∂W
∂Xα

= − ∑
β 6=α

ZαZβ

R3
αβ

(Xα −Xβ)−Zα

∫
ρ(r1)

(x1−Xα)
r3
1α

dr1
!= 0.c

5
Use of theoretical calculations at fixed experimental geometry as a guide, e.g., span of d(A)

d(B)

and ρ(rBCP)

6

Four-step refinement procedure: Step One: Generating of theoretical (h, k, l, I)theo. Step

two: Density refinement on (h, k, l, I)theo to obtain multipole parameters. Vibrational

parameters set to zero. Step three: Theoretical density model as input for refinement of

experimental data. Density parameters fixed, vibrational parameters fitted. Step Four:

Usage of suggestions 2, 3 and 4 for fine tuning.
ad(A) denotes the distance from the BCP to nucleus A. bThis equations can be found, e.g., in ref [8], p. 276.

Ω denotes an atomic basin, limited by the closed surface ∂Ω (which might happen at infinite distances

where appropriate). These equations are valid for the atoms in molecules according to Bader as well as

for the whole molecule. cThis equation was taken from ref [39], p. 16. W denotes the electrostatic energy,

Xα denotes a component of the Cartesian coordinates of nucleus α, Z denotes the nuclear charge, Rαβ

denotes the distance between nuclei α and β, ρ(r1) denotes the electron density and x1 denotes a Cartesian

component of r1 and r1α denotes the distance between r1 and nucleus α, respectively.
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Chapter 2

Evaluation of density analyzing

tools and consistency of topological

data

2.1 Introduction

Before one can apply the theories, developed in chapter 1.1, to chemical problems and before

theoretically obtained data can be compared to experimentally obtained results, it has to be

clarified, in which way these can be compared and how sophisticated the calculations have

to be to obtain reliable results. This is the subject of the present chapter.

The electron density distribution (ED) also referred to as charge density distribu-

tion ρ(r) represents a fundamental quantity which determines all chemical and physical

phenomena, for example, intra- and intermolecular forces, molecular geometry, electrostatic

potential, and chemical bonding.[8, 30,36–40] It is the underlying quantity in density functional

theory[28, 29] and also readily available from wavefunction based approaches. However, de-

spite its importance the density is less often discussed in theoretical investigations, although

it represents a physical observable. It is measurable for instance by high resolution X-ray

diffraction experiments.[30, 38,40,41]

The development of area detectors, which are often used in combination with the very
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bright third-generation synchrotron sources has opened new horizons for the application of

X-ray diffraction in the experimental determination of the electron density, since the time

necessary for the data acquisition diminishes considerably.[42–45] A very enticing intrinsic

feature of an experimentally determined electron density is that it includes all many-body

effects (e.g. electron correlation, relativistic effects, influence of the environment). This ren-

ders it an ideal tool to analyze shortcomings of theoretical approaches which, due to the

complexity of the systems, have to neglect or approximate parts of the interactions. The

atoms in molecules (AIM) approach developed by Bader and coworkers,[8] in which the

topological properties of the electron density are interpreted, represents the most straight-

forward comparison between experiment and theory but other approaches are also under

development.[27, 46–49]

An even more attractive goal of high resolution X-ray diffraction experiments repre-

sents their ability to describe large systems such as biological macromolecules which are still

too large for a reliable theoretical description.[50, 51] One direction of the ongoing research in

this area is the attempt to construct such systems from the overlay of the density of smaller

subunits, e.g. single amino acids.[45, 52–56] It is clear that a success would open not only the

possibility to describe the electronic properties of biological macromolecules. It would also

enable the determination of the bonding strength,[45, 52–57] e.g., within an enzyme-inhibitor

complex which is essential for the development of agents against infectious diseases.

The conditio sine qua non for all these goals is, that the experimental electron density

is not biased by assumptions or shortcomings of procedures necessary to get it from the mea-

sured quantities (i.e. Bragg reflections and their intensities). Indeed various recent studies

indicate that the Hansen-Coppens multipole formalism,[40, 110] which is mostly used to derive

the ED from the experimental diffraction data introduces a bias through the limited flexi-

bility of the basis set.[58, 59, 67] As discussed by the authors this seems to be at least partly

the reason for the differences found between experimentally and theoretically determined

topological properties at the bond critical point for polar bonds. Other publications also

proved the non-uniqueness of the multipolar model.[38, 60] As shown in many investigations

especially for polar bonds which exhibit non symmetric interatomic densities and Laplacian

distributions, experimentally and theoretically determined Laplacian values of the electron
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densities (∇2ρ(r)) at the bond critical points (BCP) deviate strongly.[38, 40, 45,52–57,61] For

non-polar bonds, experimentally and theoretically derived values agree excellently.[38, 62,63]

It is also found that in most cases experiment and theory agree qualitatively for example

in the number of bond critical points or the number of valence shell charge concentrations

(VSCC).[38, 45,64,65]

However, the disagreement in the absolute numbers of the topological properties could

also result from shortcomings in the theoretical description. On one hand, the influence of the

crystal environment on the molecule, which is often not included in the theoretical descrip-

tion, seems to be too small[67] to explain the discrepancies between experiment and theory as

already shown earlier.[66, 68,69] On the other hand, the Hartree-Fock approach for example is

well known to overestimate the bond ionicity, e.g. the inclusion of correlation effects is impor-

tant to obtain reliable electron densities.[70–72] The second order Møller-Plesset pertubation

theory approach (MP2) already predicts topological parameters in close agreement with even

more sophisticated approaches such as fourth order Møller-Plesset pertubation theory (MP4)

or a quadratic Configuration Interaction calculation including single and double excitations

(QCISD).[52, 73] A similar behavior is found for density functional theory calculations (DFT)

if hybrid functionals are used while results obtained with gradient corrected functionals de-

viate more strongly.[52, 73] Additionally the influence of the flexibility of the AO basis sets

employed in the computations were tested to some extent. The influence is too small to

explain the deviations between experiment and theory. However, with the exception of very

small model systems the tested basis sets do not exceed the triple zeta quality.[52, 73]

Beside the comparison of absolute numbers, an investigation of the correlations between

the topological parameters and the bonding type can also reveal important information

about the quality of the results. Such correlations are expected and are used in many

investigations.[30, 38,40,63,64,74] One example is the position of the bond critical point which,

as shown by Cramer and Kraka, correlates with the polarity of the bond.[74] From Bader’s

AIM-approach[8] correlations are also expected for the density, its second derivative along

the bond path (λ3) and the bond ellipticity ε which is obtained from the second derivatives

of the density perpendicular to the bond paths (ε = λ1
λ2
−1). The latter also gives information

about the delocalization within a molecule.[64, 75] Consequently, results which do not reveal
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such a correlation can be expected to be biased to some extent. This is especially true if

correlations are found for the less sensitive parameters (e.g. the density) but are missing

for more sensitive ones (e.g. the Laplacian values). For the homo-atomic CC bonds of C60-

fullerene derivatives Wagner et al.[63] found the expected relationships between the density

at the BCP and the bond distances and between the Laplacian at the BCP and the bond

distances. This shows that high resolution synchrotron diffraction experiments are able to

give very accurate descriptions of such covalent non polar bonds. However, the question,

whether this also holds for polar bonds is unclear.

The set of molecules used in this chapter is the same set as in chapter 3.1, which

concentrates on the bonding situation, whereas the present chapter concentrates on the

accuracy of calculated densities and on the comparability of experimentally and theoret-

ically derived results. These molecules are methyl(diimido)-sulfinic acid H(NR)2SMe (1),

methylene-bis(triimido)sulfonic acid H2C{S(NR)2H(NR)}2 (2), sulfurdiimide S(NR)2 (3),

and sulfurtriimide S(NR)3 (4), with different substituents R = H, R = Me and R = tBu,

respectively. For the molecular solid state structures see Figure 2.1. In some cases, cal-

culation for the molecules 1 and 2 did not converge, this is particularly the case for NRT

calculations, which sometimes run into difficulties in the case of very large molecules or in

the case of dimers. The methyl(diimido)sulfinic acid emerges in the solid state structure as

dimeric unit. To obtain results also in these cases, a monomeric form of 1 was used, termed

1a, and a quasi-monomeric form of 2 was used, where one methylene-(triimido)sulfonic acid

moiety was replaced by a methyl group. This molecule is termed 2a.

Since the set of model systems contains many bonds of varying polarity it is ideally

suited to study discrepancies between theory and experiment. For this instance, first the

convergency behavior of the theoretical values with respect to the method of computations

employing different DFT approaches and employing also the MP2 method are investigated.

To study the influence of the basis set up to a basis set size of cc-pV5Z are used. The

computed values are compared to their experimental counterparts and to shed some light

onto the self consistency of the data also correlations between the density and the Laplacian

at the BCP with the bond distances are investigated. Additionally, predictions about the

bond character obtained from the topological parameters of the AIM approach are compared
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H(N tBu)2SMe (1) H2C{S(N tBu)2HN tBu}2 (2)

S(N tBu)2 (3) S(N tBu)3 (4)

Fig. 2.1: Solid state structures of 1−4, anisotropic displacement parameters are depicted at the 50%

probability level and C-H bonded hydrogen atoms are omitted for clarity.

with those given by the NBO/NRT method.

2.2 Computational methods

Gas-phase structures of the model compounds were optimized for different substituents

R = H, R = Me and tBu, respectively, employing a great variety of theoretical methods.

Stationary points were checked by frequency calculations. All calculations were performed

with the Gaussian98 package.[116] The subsequent topological analyses were performed with

the AIM2000 package,[96] while the NBO/NRT analyses were performed with the NBO 4.M
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package.[97] As far as bond orders are discussed within the AIM theory, they refer to bond

orders according to Cioslowski.[15] This approach divides the total number of electrons in

atomic and diatomic contributions by means of evaluating the atomic overlap matrix un-

der consideration of the atomic boundaries and yields positive, purely covalent bond orders.

More information about the AIM approach and to the NBO/NRT procedure can be found

in chapters 1.1.1 and 1.1.3, respectively.

2.3 Results and Discussion

2.3.1 Investigation of the method dependency of bond topological AIM

properties and comparison with experimental results

Table 2.1 to Table 2.3 summarize the computed bond topological properties of some typical

bonds of the present set of model systems as a function of the method of computation. For a

formal SN double bond the S1 = N2 bond of compound 1a (R = Me, Table 2.1) was chosen,

while S1 − N1 of the same compound was chosen for a formal SN single bond (Table 2.2).

As a typical example for the less polar SC and NC bonds to a methyl (or butyl) group the

bond topological properties of the S−C bond of the same compound (Table 2.3) are given.

The Tables contain the computed bond distance of the given bond, denoted d, the density

at the BCP, ρ, the Laplacian at the BCP, ∇2ρ, the decomposition of the Laplacian into its

three Eigenvalues ∇2ρ = λ1 +λ2 +λ3, the ellipticity ε = λ1
λ2
− 1, and the respective distances

of the BCP to atom A, d(A) and to the other atom, d(B). Additionally, the ratio d(A)
d(B) is

shown and the ratio |λ1|
λ3

, which is expected to be smaller than 1 in ionic bonding modes.[8]

The convergency of the various properties with respect to the flexibility of the basis set was

investigated and their sensitivity with respect to the functional (B3PW91 vs. B3LYP) and

the MP2 method was tested.

As expected from other DFT studies[36, 38,52,53,57,71–73] a 6-311G(2d,p) or a pVTZ

basis set seems to be sufficient to obtain bond distances converged to an intervall smaller

than approximately 0.01 Å for the strong formal double bond. For smaller AO basis sets

variations up to 0.04 Å or the present model systems were obtained. Within the AIM theory
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Tab. 2.1: Bond topological properties at the BCP of the formal S1 = N2 double bond in 1a, R = Me.

The geometry was optimized at the indicated level of theory. Distances are given in [Å], densities are

given in [e/Å
3
] and second derivatives are given in [e/Å

5
].

d ρ ∇2ρ λ1 λ2 λ3 ε d(N) d(S) d(N)
d(S)

|λ1|
λ3

B3PW91

6-31G(d) 1.55 1.76 8.36 -10.01 -7.14 25.52 0.40 0.96 0.60 1.61 0.39

6-31G(d,p) 1.55 1.76 8.33 -10.02 -7.14 25.5 0.40 0.96 0.60 1.61 0.39

6-31G(2d,p) 1.54 1.83 -5.22 -11.25 -8.27 14.30 0.36 0.92 0.62 1.48 0.79

6-31G(3d,p) 1.53 1.86 1.46 -11.65 -8.57 21.68 0.36 0.92 0.61 1.52 0.54

6-31+G(d) 1.55 1.76 8.02 -10.01 -7.15 25.18 0.4 0.96 0.60 1.60 0.40

6-31+G(d,p) 1.55 1.76 7.89 -10.00 -7.15 25.04 0.40 0.96 0.60 1.60 0.40

6-311G(d,p) 1.54 1.80 6.14 -10.31 -7.51 23.96 0.37 0.95 0.60 1.58 0.43

6-311G(2d,p) 1.53 1.86 -6.68 -11.45 -8.44 13.21 0.36 0.91 0.63 1.46 0.87

6-311G(3d,p) 1.53 1.87 0.45 -11.70 -8.61 20.76 0.36 0.92 0.61 1.50 0.56

cc-pVDZ 1.56 1.67 9.25 -8.85 -6.46 24.58 0.37 0.96 0.60 1.60 0.36

cc-pVTZ 1.54 1.86 3.65 -11.02 -7.77 22.43 0.42 0.94 0.60 1.56 0.49

B3LYP

6-311G(d,p) 1.55 1.79 4.62 -10.31 -7.50 22.44 0.37 0.95 0.60 1.58 0.46

MP2

6-31G(d) 1.57 1.67 4.40 -9.09 -6.46 19.94 0.41 0.97 0.61 1.61 0.46

6-31G(2d,p) 1.57 1.71 -7.82 -9.98 -7.42 9.58 0.34 0.93 0.64 1.44 1.02

Exp.

– 1.53 2.24 -9.38 -12.58 -11.73 14.92 0.07 0.74 0.79 0.94 0.84

the properties at the bond critical point (BCP) play a crucial role so that its position can

be expected to represent a sensitive parameter. As shown in Tables 2.1 - 2.3 for the present

model systems the positions of the BCPs vary only slightly as a function of the theoretical

method (≈ 3%). For the formal S1 = N2 double bond of compound 1a its distance from the

nitrogen center changes from 0.95 to 0.91 to 0.92 Å for the series 6-311G(d,p), 6-311G(2d,p),

6-311G(3d,p) and also the flexibility of the (sp) part (6-31G sets vs. 6-311G sets) has a

small influence. If the PW91 correlation functional is replaced by the LYP functional only
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Tab. 2.2: Bond topological properties at the BCP of the formal S1−N1 single bond in 1a, R = Me.

The geometry was optimized on the indicated level of theory. Distances are given in [Å], densities

are given in [e/Å
3
] and second derivatives are given in [e/Å

5
].

d ρ ∇2ρ λ1 λ2 λ3 ε d(N) d(S) d(N)
d(S)

|λ1|
λ3

B3PW91

6-31G(d,p) 1.75 1.31 -8.46 -6.94 -6.34 4.81 0.09 0.98 0.77 1.27 1.44

6-31G(2d,p) 1.74 1.30 -6.35 -7.10 -6.45 7.20 0.10 0.94 0.80 1.18 0.99

6-31G(3d,p) 1.73 1.36 -8.49 -7.32 -6.65 5.49. 0.10 0.98 0.75 1.31 1.33

6-311G(d,p) 1.75 1.32 -8.58 -7.32 -6.71 5.45 0.09 0.95 0.80 1.19 1.34

6-311G(2d,p) 1.74 1.31 -6.67 -7.37 -6.64 7.34 0.11 0.92 0.82 1.13 1.00

6-311G(3d,p) 1.73 1.36 -8.85 -7.56 -6.86 5.56 0.10 0.95 0.77 1.23 1.36

cc-pVDZ 1.77 1.24 -6.25 -6.06 -5.55 5.36 0.09 0.99 0.78 1.28 1.13

cc-pVTZ 1.73 1.38 -9.95 -7.84 -6.98 4.88 0.12 0.94 0.79 1.20 1.61

B3LYP

6-311G(d,p) 1.75 1.30 -8.40 -7.32 -6.74 5.67 0.09 0.95 0.80 1.18 1.29

Exp.

– 1.68 1.76 -7.95 -10.26 -9.66 11.97 0.06 0.83 0.85 0.98 0.86

minor differences are found. The differences between the MP2 and the DFT approach are

somewhat larger as discussed elsewhere.[52, 73] For the chosen formal SN single bond (Table

2.2) the position of the BCP varies stronger as a function of the theoretical approach in

comparison to the formal double bonds. For the S−C bond (Table 2.3) the variation is less.

It is interesting to note that going from the S1 = N2 double bond (Table 2.1) to the single

bond (Table 2.2) the distance between the BCP and the nitrogen center does not change

much (≤ 0.06 Å) while the distance between the BCP and the sulfur center increases by

about 0.16 Å.

The densities ρ at the BCP as well vary slightly with the method of computations.

For formal double bonds as shown at the example of the S1 = N2 bond of compound 1a

within the series 6-311G(d,p), 6-311G(2d,p), 6-311G(3d,p) the values changes from 1.80 to

1.87 e/Å3. Please note, that the value computed with the cc-pVDZ basis set is smaller than
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Tab. 2.3: Bond topological properties at the BCP of the S1−C3 bond in 1a, R = Me. The geometry

was optimized at the indicated level of theory. Distances are given in [Å], densities are given in [e/Å
3
]

and second derivatives are given in [e/Å
5
].

d ρ ∇2ρ λ1 λ2 λ3 ε d(S) d(C) d(S)
d(C)

|λ1|
λ3

B3PW91

6-31G(d,p) 1.81 1.30 -8.65 -7.42 -7.02 5.79 0.06 0.96 0.85 1.13 1.28

6-31G(2d,p) 1.80 1.27 -6.69 -6.90 -6.50 6.71 0.06 0.95 0.85 1.12 1.03

6-31G(3d,p) 1.80 1.33 -8.98 -7.56 -7.12 5.69 0.06 0.95 0.85 1.12 1.33

6-311G(d,p) 1.81 1.29 -8.09 -7.52 -7.11 6.55 0.06 0.97 0.84 1.15 1.15

6-311G(2d,p) 1.80 1.25 -6.08 -7.01 -6.60 7.53 0.06 0.95 0.85 1.12 0.93

6-311G(3d,p) 1.80 1.32 -8.30 -7.62 -7.19 6.51 0.06 0.95 0.84 1.13 1.17

cc-pVDZ 1.81 1.29 -9.19 -6.99 -6.57 4.38 0.06 0.96 0.85 1.13 1.60

cc-pVTZ 1.80 1.32 -8.32 -7.82 -7.34 6.84 0.06 0.95 0.85 1.12 1.14

B3LYP

6-311G(d,p) 1.82 1.27 -7.69 -7.44 -7.06 6.81 0.05 0.97 0.85 1.14 1.09

Exp.

– 1.79 1.54 -8.70 -9.18 -8.72 9.20 0.05 0.99 0.80 1.24 1.05

that obtained with the 6-31G(d,p) basis while both cc-pVTZ and 6-311G(2d,p) give similar

values. In general the MP2 approach predicts somewhat smaller values then DFT, which

could result from the slightly enlarged bond distances.

While the position of the BCP and the density at the BCP are not very sensitive with

respect to the basis set size and method of computation, the Eigenvalues of the Laplacian

of the density λi, i = 1, 2, 3 at the BCP vary considerably for S1 = N2 of compound 1a

(R = Me, Table 2.1) which was picked as a typical formal SN double bond. As shown

in Table 2.1, especially λ3 changes as a function of the flexibility of the basis set, e.g. with

increasing numbers of d functions. Please note that the λ3-values obtained with the standard

GAUSSIAN (2d,p) set of polarization functions deviates strongly from the 1d and the 3d

results so that these results have to be regarded as outliers. Smaller variations are found for

λ1 and λ2. As a consequence also the computed values for ε, which according to the AIM
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theory of Bader are used to obtain information about the bond order, decrease only from

0.40 to 0.36 if the basis set flexibility is increased. For λ1 and λ2 the (1d,p), (2d,p), (3d,p)

series of polarization functions show a smooth behavior. As a consequence of the strong

change in λ3 the Laplacian ∇2ρ even changes its sign if the number of polarization functions

is increased (6-311G(d,p) +6.14 e/Å5; 6-311G(2d,p) -6.68 e/Å5; 6-311G(3d,p) +0.45 e/Å5).

Even if the (2d,p) basis set is considered as an outlier, ∇2ρ still drops appreciably if the

number of d-polarization functions is increased.

For comparison, Table 2.1 also gives the experimental values obtained from a high

resolution X-ray study (which can also be taken from Table 3.2 in chapter 3.1 or from ref [65]).

For the present set of model compounds, experiment and theory agree qualitatively very

well but disagree in the absolute values. As shown in Table 2.1 all experimental values are

obviously outside the range spanned by the theoretical data. The experimentally determined

density at the BCP is considerably higher (≈ 25 %) than its theoretical counterpart. For

the formal SN double bonds, the experiment determines λ1 and λ2 to be almost on a par,

while a profound difference is found by all computations (see Tables 2.1 and 2.4). As a

consequence also the experimentally and theoretically derived ε values disagree. Surprisingly

the experimental value of λ3 is close to the predictions obtained with the (2d,p) set of

polarization functions which was identified as an outlier in theory. Finally, also the positions

of the BCPs differ. For formal double bonds, the experimental values are approximately in

the middle of the bond, while theory predicts a position much closer to the sulfur center.

Before proceeding to a more detailed discussion of these differences, first the other

types of bonds are discussed. For the selected typical formal SN single bonds (Table 2.2), the

deviation between experimentally and theoretically determined bond distances is somewhat

larger then for the double bonds (still 0.05 Å for the 6-311G(3d,p) basis) since the former

possess flatter potentials then the formal double bonds. For the formal SN single bonds the

absolute value of λ3 and also its variations are considerably smaller, compared to the formal

SN double bonds. As a consequence also the Laplacian∇2ρ changes to a smaller extent. This

holds also for the other density related properties such that the agreement between theory

and experiment is in general better. One example is the position of the BCP. Please note,

that in comparison to the formal SN double bond (Table 2.1) the better agreement results

44



2.3 Results and Discussion 45

Tab. 2.4: Bond topological properties at the BCP of the formal S = N double bond of compound

4 with R = tBu (S(NtBu)3) computed at the experimental geometry. Distances are given in [Å],

densities are given in [e/Å
3
] and second derivatives are given in [e/Å

5
].

ρ ∇2ρ λ1 λ2 λ3 ε d(N) d(S) d(N)
d(S)

STO-3G 1.49 21.67 -5.83 -3.53 31.04 0.65 0.93 0.59 1.58

SV 1.69 5.75 -7.86 -6.52 20.13 0.21 0.90 0.61 1.47

6-31G(d,p) 1.88 10.61 -11.00 -7.30 28.92 0.51 0.92 0.59 1.57

6-311G(d,p) 1.90 8.09 -11.15 -7.51 26.75 0.49 0.92 0.59 1.56

6-311G(2d,p) 1.94 -7.45 -12.09 -8.20 12.84 0.47 0.89 0.62 1.43

6-311G(3d,p) 1.93 -1.06 -12.09 -8.18 19.21 0.48 0.90 0.61 1.47

6-311++G(d,p) 1.90 8.64 -11.76 -7.54 27.36 0.56 0.92 0.59 1.57

Exp.

— 2.27 -10.56 -14.40 -11.83 15.69 0.22 0.78 0.74 1.05

6-311++G(d,p)a 1.95 -14.28 -11.26 -7.64 4.48 0.47 0.78 0.74 1.05
aBond topological values at the position of the experimental BCP.

since the theoretical d(N)
d(S) values change considerably from about 1.5 - 1.6 for the formal

double bond to around 1.2 for the formal single bond. The experimentally obtained values

for both types of bonds are virtually identical. Another example for a better agreement is ε.

However, while both theory and experiment find λ1 and λ2 to be very similar for the formal

single bonds, they disagree in the absolute values.

The computed values of λ3 are smaller than their experimental counterpart for the

formal single bonds (Tables 2.2, 2.3). The smaller theoretical absolute values of λ1 and λ2

and the lower theoretical value of λ3 cancel each other so that theory and experiment agree

with respect to the Laplacian. It is interesting, that based on ε, there is no difference between

formal single and double bonds in the experimental values.

The topological properties of the S−C bond of compound 1a which was selected as a

typical bond for the less polar S−C bonding is given in Table 2.3. For this type of bond the

variations within the theoretical results are much smaller than for the previous two types.

In accordance with the former results the computations again find the (2d,p) to represent

an outlier. In addition to the lower dependency on the method of calculation the agreement
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between theory and experiment is much better for all derivatives of the density at the BCP.

For the density, theory again yields much lower values. Both theory and experiment locate

the BCP closer to the carbon center.

To investigate the dependency of the λi-values as a function of the basis set flexibility in

more detail the AIM properties of the formal S1 = N1 double bond of compound 3 (R = H)

were computed for the cc-basis set series (Table 2.5). The SN formal double bonds were

found to be problematic with respect to λ3. Table 2.5 also gives the values obtained with

the 6-311G basis set enlarged with an increasing number of d functions. With respect to the

Laplacian ∇2ρ this bond is found to behave similar to the S1 = N2 bond of compound 1a

described in Table 2.1, i.e. , ∇2ρ gets initially considerably smaller with increasing basis set

size. For the cc-series both λ1 and λ2 show convergency with respect to the basis set size.

For λ3, however, a change of about 10% is still found if the cc-pVQZ basis is compared to

the cc-pV5Z basis. The influence of the basis set size on the Laplacian ∇2ρ at the BCP is

somewhat smaller since the changes in the λi values compensate to some extent. Table 2.5

also underlines that results obtained with the standard 2d set of polarization functions of

the Pople basis deviate considerably from those obtained with other basis sets.

Tab. 2.5: Bond topological properties at the BCP of the S1 = N1 bond in 3 (R = H), calculated with

the B3PW91 functional and indicated basis sets. The geometry was optimized on the indicated level

of theory. Distances are given in [Å], densities are given in [e/Å
3
] and second derivatives are given

in [e/Å
5
].

basis set ρ ∇2ρ −λ1 −λ2 λ3
d(N)
d(S )

cc-pVDZ 1.66 8.66 8.577 6.569 23.802 1.60

cc-pVTZ 1.83 2.62 10.738 7.897 21.260 1.56

cc-pVQZ 1.91 0.15 12.384 9.157 21.700 1.55

cc-pV5Z 1.92 0.83 12.847 9.603 23.280 1.54

6-311G 1.62 -0.09 7.709 6.825 14.442 1.44

6-311G(d) 1.79 5.92 10.073 7.685 23.682 1.59

6-311G(d,p) 1.79 5.68 10.143 7.741 23.561 1.59

6-311G(2d,p) 1.85 -7.19 11.314 8.596 12.717 1.46

6-311G(3d,p) 1.86 -0.46 11.524 8.784 19.319 1.51
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A first hint to the reasons for the dependence of the λ3 values on the method of

calculation stems from the d(N)
d(S) values. For both formal SN double bonds, S1 = N2 of

compound 1 (R = Me, Table 2.1) and S1 = N1 of compound 3 (Table 2.5), values around

1.5, were computed, i.e. the BCP is located considerably closer to the sulfur center than to

the nitrogen center. Similar values are found for all formal SN double bonds of the present

model systems. For the S1 − N1 bond in 1a (Table 2.2) values around 1.2 were computed,

while values of about 1.1 are obtained for the S−C bond in 1a. This value is typical for the

formal single S− N and S− C bonds. This shows that going from formal SN double bonds

to formal single bonds the BCP moves away from the sulfur center more into the middle

of the bonds. The consequence for the density and for its second derivatives with respect

to the coordinates can be taken from Figure 2.2 in which the density and the λi values are

plotted along the S1 = N1 bond path in compound 4 (R = tBu). For this computation the

experimental geometry was used. For this formal SN double bond the BCP is located in a

region, where λ1 and λ2 vary slowly, while λ3 abruptly changes toward very large positive

values, a situation that can be properly described with the BCP lying in the “rampant edge”

of the Laplacian. A tiny displacement of the BCP to the right would change the sign of the

Laplacian while a tiny displacement to the left would lead to a strong increase in the positive

value of the Laplacian. Consequently already the small changes in the position of the BCP

discussed above lead to large changes in the λ3 value and in the Laplacian. This explains

the strange behavior of the (2d,p) set. For the 6-31G(2d,p) and the 6-311G(2d,p) the d(N)
d(S)

values are somewhat smaller than for the basis sets with 1d or 3d polarization functions. For

formal single bonds the variations of the λi values along the bond path are similar but the

BCP is located close to the middle of the bonds. In this region also λ3 changes slowly. As a

consequence its dependency on the method of calculation is considerably weaker.

The strong deviations between experiment and theory could result since in theory

the sterically demanding substituents employed in the experimental studies are quite often

replaced by smaller groups. Steric demanding substituents mainly change the kinetic stability

while the electronic structure is less influenced. Consequently, for less sensitive properties

such a replacement is surely justified. For more sensitive properties such as the Laplacian at

the BCP of polar bonds it has to be tested whether this simplification within theory does not
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Fig. 2.2: Eigenvalues λi (empty circles) and the density (filled circles) along the bond path in 4, R =

tBu, calculated at the B3PW91/6-311++G(d,p) level of theory with fixed experimental geometry.

At the BCP, the density is ρ(rBCP) = 1.90 e/Å
3

and the Laplacian assumes ∇2ρ(rBCP) = 8.26 e/Å
5
.

The sulfur center is at -0.52 Å and the nitrogen center is at 0.92 Å, respectively.

influence such properties too much. For the present model systems only a weak dependency

of the bond topological properties is found, as shown in Table 2.6 for the formal SN double

bonds of S(NR)3, R = H, Me, tBu, respectively, which were selected as an example since

the formal double bonds showed a strong sensitivity of particularly λ3. Similar variations

were obtain for all other compounds. Employing the 6-311G(d,p) basis set the Laplacian

varies in the series R = H, Me, tBu from 3.54 e
A5 to 3.95 e

A5 . This change is smaller than

the variations obtained if the basis is enlarged from the 6-31G(d,p) to the 6-311G(d,p) basis

set. The ratio d(N)
d(S) remains also nearly unaffected if the substituents are changed. Thus,

within the present series of model compounds for comparing bond topological properties

between experiment and theory it seems reasonable to calculate the molecules with the

smaller substituents R = Me instead of R = tBu. Even R = H is a good approximation.

Within the Bader approach the atomic charges are obtained by integrating the charge

density over the atomic basins. Using compound 4 as a typical example, Table 2.7 sum-
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Tab. 2.6: Influence of the substituents on the bond topological properties at the BCP of the S = N

bond of compound 4. The geometry was optimized on the indicated level of theory. Distances are

given in [Å], densities are given in [e/Å
3
] and second derivatives are given in [e/Å

5
].

d ρ ∇2ρ λ1 λ2 λ3 ε d(N) d(S) d(N)
d(S)

R=H

6-31G(d,p) 1.53 1.85 6.29 -10.96 -7.08 24.34 0.55 0.94 0.95 1.58

6-311G(d,p) 1.53 1.89 3.54 -11.32 -7.50 22.37 0.51 0.93 0.60 1.56

R = Me

6-31G(d,p) 1.54 1.83 5.44 -10.57 -6.78 22.79 0.56 0.94 0.60 1.58

6-311G(d,p) 1.53 1.86 3.67 -10.91 -7.16 21.74 0.52 0.93 0.60 1.56

R = tBu

6-31G(d,p) 1.54 1.81 5.32 -10.33 -6.74 22.40 0.53 0.94 0.60 1.57

6-311G(d,p) 1.53 1.84 3.95 -10.61 -7.06 21.62 0.50 0.93 0.60 1.55

marizes the variations in the computed atomic charges as a function of some methods of

calculation and basis sets. The application of the Hartree-Fock theory results in the highest

charges which is expected since it tends to overestimate the ionicity of bonds. A considerable

difference is also found between the MP2 approach and DFT and a more flexible basis set

seems also to be of importance. The attempt to test even larger basis sets failed due to

problems in establishing the strongly curved zero flux surfaces around the sulfur centers.

Tab. 2.7: Influence of the theoretical approach on the AIM charges of 4, R = Me. The geometry was

optimized on the indicated level of theory. Charges are given in [e].

Q(S) Q(N) Q(NP)a

HF/6-311G(d,p) +3.65 –1.78 -1.22

MP2/6-31G(d,p) +3.27 -1.64 -1.10

B3PW91/6-31G(d,p) +2.85 -1.4 -0.95

B3LYP/6-311G(d,p) +2.71 -1.32 -0.90

B3PW91/6-311G(d,p) +2.77 -1.36 -0.92
aThe “P” denotes the summation of the charge of the substituents into the atomic charge of the respective

center.
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The bond strength is often discussed in terms of the bond order. In the present study

the bond orders according to Cioslowski[15] were calculated. They are a measure of the purely

covalent character of the bond. Compound 3, R = Me was used to investigate the variations

in the computed values on the theoretical approach. Table 2.8 shows the calculated values

for the two SN formal double bonds and the two formal single NC bonds as a function of

some theoretical approaches and basis set sizes. Additionally, a NN bond order is given.

Comparing the bond order variations to those found for the computed topological properties

the bond order is quite insensitive. This holds particularly for the bond orders of the formal

NC single bonds, here all DFT values are between 0.99 and 1.01 and also the MP2 results

deviate only slightly, but also for formal double bonds for which the Laplacian values and

atomic charges varied considerably. The S1 = N2 bond orders predicted by DFT are between

1.76 and 1.83. If as suggested by the analysis of the Laplacian, the (2d,p) set is regarded

as an outlier, the variations are only 1-2 %. The MP2 approach deviates from the DFT

results by about 5 %. Although the topological analysis of this molecule yields no bond path

between the nitrogen atoms, a bond order of roughly 0.30 is calculated. The B3LYP value

differs only 0.01 units from the corresponding B3PW91 values, while the MP2 values are

again somewhat smaller.

Up to now all topological properties were computed for optimized geometries. To

ensure that the variations discussed above do not mainly result due to small changes in

the computed bond distances some of the calculations were repeated at the experimental

geometries. These results are summarized in Table 2.4. It shows that the variations in ρ and

∇2ρ remain, i.e. the small variations in the bond distances which is found in the former

cases cannot be mainly responsible for the high sensitivity discussed above.

Since experimental geometries were used in combination with the substituents em-

ployed in the experiment, Table 2.4 provides a direct comparison between theoretical and

experimental values for the formal SN double bonds, which seem to be most difficult to

describe. Therefore Table 2.4 also gives the experimental values.[65] It is obvious that all

experimental values at the bond critical point lie outside the range spanned by theory. Most

obvious are the different positions of both BCPs which were already discussed in combination

with the formal double bond S1 = N2 of compound 1a (Table 2.1). While the experimental
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Tab. 2.8: Bond orders of S(NCH3)2, 3, according to Cioslowsky. The geometry was optimized at the

indicated level of theory.

S1-N2 S1-N1 N2-N1 N2-C2 N1-C1

B3PW91

6-311G(d,p) 1.78 1.72 0.32 0.99 0.99

6-311G(2d,p) 1.83 1.77 0.28 1.01 1.01

6-311G(3d,p) 1.78 1.73 0.29 1.00 1.00

6-31G(d) 1.76 1.70 0.33 0.99 0.99

6-31G(d,p) 1.76 1.70 0.33 0.98 0.98

6-31G(2d,p) 1.82 1.77 0.29 1.00 1.00

6-31G(3d,p) 1.77 1.72 0.30 0.99 0.99

cc-pVDZ 1.76 1.71 0.32 0.98 0.97

B3LYP

6-311G(d,p) 1.79 1.73 0.32 0.99 0.98

MP2

6-31G(d) 1.64 1.64 0.29 0.93 0.93

6-31G(2d,p) 1.71 1.69 0.25 0.94 0.93

BCP is located almost in the middle of the bond, d(N)
d(S) ≈ 1, theory predicts it to be much

closer to the sulfur center, d(N)
d(S) ≈ 1.5. To investigate this disagreement, the values at the

experimental position of the BCP, which are given in the last row, were computed. This was

already suggested by Hibbs et al.[55] who obtained a better agreement between theory and

experiment. However, for the present compounds it does not improve the agreement. The

deviation in the density remains and the better agreement in the Laplacian results due to

a compensation between λ2 and λ3. Both individual values deviate more if the theoretical

values taken at the position of the experimental BCP are compared with the experimental

results.

Table 2.4 shows that at the theoretical and at the experimental positions of the BCPs

the computed density is smaller than its experimental counterpart, indicating that in the

bonding region the computed density is considerably smaller than the experimental one. It
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52 Chapter 2 Evaluation of density analyzing tools and consistency of topological data

is interesting to note that a similar behavior is found at the position of the nuclei as shown

in Table 2.9.

Tab. 2.9: Comparison between the experimental and theoretical densities in [e/Å
3
] at the sulfur and

nitrogen nuclei.

comp. experiment theory

S1 N1 N2 N3 S1 N1 N2 N3

1 17974 1391 1392 – 17462 1310 1313 –

2 17996 1391 1391 1392 17455 1310 1311 1312

3 17981 1391 1390 – 17464 1313 1314

4 18025 1395 – – 17455 1313 – –

A direct comparison needs at least a correlation of the corresponding experimental

and theoretical values. For the given set of model compounds such a relation exists for

the densities (see Figure 3.2, page 76). Both, the theoretically and the experimentally

determined densities at the BCPs correlate with the bond distances. Figure 2.3 shows

a similar correlation between the Laplacian values at the BCPs and the bond distances

exclusively for the theoretical description. Table 2.10 summarizes the results of the linear

regressions for the Laplacian values vs. bond distances and also refrains the results obtained

for the correlation of the densities with the bond distances. The missing correlation between

the experimental Laplacian and the bond distances is obvious.

Table 2.10 also offers information, to which extent experimentally determined geome-

tries can be employed in a theoretical determination of densities and Laplacian values. If

the bond topological properties are computed from single point calculations at the experi-

mental equilibrium geometries with medium to large basis sets, the bond distances correlate

with the densities and with the values of the Laplacian at the BCP. If smaller basis sets are

employed only a correlation between bond distances and the densities at the BCP exists.

The correlation between bond distances and Laplacian values is severely diminished. For

optimized equilibrium geometries the correlation also exists in this case. The destruction

of the correlation between the Laplacian values at the BCPs and bond distances found for

the smaller basis set in combination with the experimental geometries is connected to the
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1.50 1.55 1.60 1.65 1.70 1.75

-20

-10

0.0

10

rr
r

r

r

r

r r

6

∇2ρ(rBCP) in e/Å5
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Fig. 2.3: Correlation between bond distance d and Laplacian values ∇2ρ(rBCP) for all SN bonds.

Left: optimized methyl substituted model compounds 1−4, calculated at the B3PW91/6-311G(d,p)

level of theory. Best linear fit: ∇2ρ(rBCP) = −91.11d + 154.53, R2 = 0.890. Right: Experimental

values. Best linear fit: ∇2ρ(rBCP) = 11.16d− 29.83, R2 = 0.053.

Tab. 2.10: Linear regression on theoretically and experimentally derived bond topological properties

at the BCP, ρ(rBCP) and ∇2ρ(rBCP) vs. bond distance d for 8 different SN bonds in compounds

1−4. The linear regression implies no model building.

calc. ρ = a ∗ d+ b ∇2ρ = a ∗ d+ b

a b R2 a b R2

Experiment spa -3.12 7.01 0.784 +11.16 -29.83 0.053

B3PW91/6-311G(d,p) sp -2.38 5.50 0.939 -28.37 45.35 0.046

B3PW91/6-311G(d,p) optb -2.22 5.25 0.967 -91.11 154.53 0.890

B3PW91/6-311++G(d,p) sp -2.24 5.19 0.694 -91.89 144.58 0.633
aSingle point (sp) calculations were performed with the experimental (solid state) geometry, R = tBu. bThe

optimization was performed with the methyl substituted compounds.

overestimation of the bond distances of the single bonds. The fixed bond distance is, com-

pared to the equilibrium geometry of the given approach, compressed. From this point of

view, computations which employ theoretically optimized geometries seem to be favorable

with respect to those which use the experimental geometries. If experimental geometries are
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54 Chapter 2 Evaluation of density analyzing tools and consistency of topological data

used they have to be combined with very flexible basis sets. It is also obvious that as a con-

sequence of the different correlations with respect to the bond distances both theoretically

and experimentally determined Laplacian values do not correlate with each other. Indeed a

R2 value of 0.11 is found. Consequently a direct comparison is problematic.

The differences between the experimentally and the theoretically determined Laplacian

values are not only connected to the λ3 values. Also for the λ1 and the λ2 Eigenvalues

no correlation can be expected since the experimental and theoretical values of ε behave

differently. Theoretical values obtained for the formal single and the formal double bonds

differ by about 0.3, while the experimental values are virtually identical. A similar situation

is found for the BCPs. Theory predicts different positions for different SN formal types of

bonds but the experimentally determined positions remain nearly unchanged (compare for

example Table 2.1 and 2.2). Since, as will be discussed in detail in chapter 3.1, the SN formal

single and double bonds are quite different in nature (considerably higher ionic character of

the formal double bonds), variations in the density related properties as predicted by theory

seem to be reasonable.

The discussion shows that on the experimental side only the less sensitive properties at

the BCP (e.g. the density) reveal a correlation with bond distances or with the formal type

of bond. For the more sensitive parameters (e.g. second derivatives and related quantities)

no correlation is found. Despite the dependency on the method of calculation for the theo-

retically determined data the corresponding correlations are found for all properties. Why

the experimental data do not show the expected correlation cannot be answered from the

present study. It could arise from uncertainties which enter the experimental data during

the refining process as was shown by recent investigations.[58, 59,67] Those correlations were

also found for CC bonds of C60 derivatives.[63]

2.3.2 Investigation of the dependency of NBO/NRT properties on the

theoretical approach

The AIM and NBO/NRT approaches complement each other in the investigation of the

bonding properties of the present set of model compounds. The application of AIM analysis

enables the comparison of the qualitative features of the experimentally and theoretically
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determined density distributions. The NBO/NRT approach allows the detection of more

subtle details of the bonding character. These are also present within the AIM parameters,

however, due to the strong dependencies discussed above a guide is necessary to avoid an

over-interpretation. Since some authors claim a strong dependency on the method of compu-

tations for the NBO/NRT results,[15] the dependencies of data obtained from the NBO/NRT

approach on the theoretical approach was also investigated. The results are summarized in

Tables 2.11-2.16. As for AIM investigations some typical bonds were chosen to illustrate

the overall behavior. In Table 2.11 the leading Lewis structures are depicted, these will be

denoted as Ls 1 to Ls 3. Tables 2.12 - 2.16 summarize the variations in the NRT weights and

in the computed total, covalent and ionic bond orders (BOt, BOc, BOi), respectively.[12–14]

Finally, also the atomic charges, Q, obtained from the NBO analyses are given.

Tab. 2.11: Leading Natural Lewis Structures of 1, 2a, and 4 as obtained from the NBO/NRT analysis.

Optimized geometries were used throughout.

Ls 1 Ls 2 Ls 3

compound 1

compound 2a

compound 4
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56 Chapter 2 Evaluation of density analyzing tools and consistency of topological data

Tab. 2.12: Influence of the theoretical approach on the NBO/NRT expansion and on the computed

bond orders of 1 (R = Me). The corresponding Lewis structures can be taken from Table 2.11.

MP2a B3LYP B3PW91

Ls1b 56.2% 38.8% 38.0%

Ls2 5.1% 9.2% 8.1%

Ls3 5.1% 9.2% 7.5%

S1−N1

BOt 0.95 0.92 0.92

BOc 0.68 0.67 0.67

BOi 0.27 0.25 0.25

S1 = N2

BOt 1.05 1.10 1.09

BOc 0.81 0.82 0.81

BOi 0.24 0.28 0.28

S1− C

BOt 0.97 0.96 0.96

BOc 0.90 0.90 0.90

BOi 0.07 0.06 0.06

N2 · · ·H
BOt 0.01 0.02 0.02

BOc 0.00 0.00 0.00

BOi 0.01 0.02 0.02
aThis calculation was performed imposing inversion symmetry. bThe geometries were optimized with the

6-31G(d,p) basis set and the indicated method. The initial 3 lines give the respective weights of the leading

resonance structures. The other lines give the total (BOt), covalent (BOc) and ionic (BOi) bond orders for

different bonds as obtained from the NRT analysis.

The Tables show that the weights of the leading Lewis structures depend considerably

on the theoretical approach as well as on the size of the AO basis sets. For compound 1

for example the weight of Ls 1 drops from about 56% to about 38 % if the MP2 result is

compared with the B3PW91 data (Table 2.12). If the hydrogen or the methyl substituents
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Tab. 2.13: Influence of the basis set size on the NBO/NRT expansion and on the computed bond

orders of 2a (R = Me). The corresponding Lewis structures can be taken from Table 2.11.

6-31G(d,p) 6-311G(d,p) 6-31G(3d,p) cc-pVDZ cc-pVTZ

Ls 1a 33.97% 33.24% 27.20% 33.49% 41.12%

Ls 2 12.91% 13.18% 13.36% 15.20% 3.90%

Ls 3 10.95% 10.16% 12.86% 9.65% 15.93%

S1−N1

BOt 0.58 0.57 0.54 0.56 0.70

BOc 0.36 0.39 0.34 0.37 0.45

BOi 0.22 0.18 0.20 0.19 0.25

S1 = N2

BOt 1.18 1.16 1.17 1.17 1.25

BOc 0.81 0.85 0.78 0.84 0.86

BOi 0.36 0.32 0.39 0.33 0.39

S1 = N3

BOt 1.24 1.23 1.26 1.24 1.11

BOc 0.86 0.89 0.83 0.88 0.81

BOi 0.39 0.33 0.43 0.36 0.30

S1− C7

BOt 0.89 0.90 0.89 0.90 0.89

BOc 0.85 0.89 0.83 0.88 0.85

BOi 0.04 0.01 0.07 0.02 0.04
aThe geometry optimizations were performed employing the B3PW91 functional and the indicated basis

sets. The initial 3 lines give the respective weights of the leading resonance structures. The other lines give

the total (BOt), covalent (BOc) and ionic (BOi) bond orders for different bonds as obtained from the NRT

analysis.

are replaced by the bulky tBu groups, which were used in the experiment, the weights of

the leading Lewis structures drop from around 30 % to only 15 % (Table 2.15). However,

despite these strong variations the computed bond orders and atomic charges remain almost

constant. One example are the decreasing weights of the leading Lewis structures found for
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Tab. 2.14: Influence of the basis set size on the atomic NBO charges of 2a in [e] as obtained from the

NBO analysis.

6-31G(d,p) 6-311G(d,p) 6-31G(3d,p) cc-pVDZ cc-pVTZ

Q(S1)a +2.03 +1.94 +2.09 +1.93 +1.98

Q(N1) -0.94 -0.88 -0.96 -0.91 -0.87

Q(N1P)b -0.33 -0.31 -0.33 -0.31 -0.31

Q(N2) -0.97 -0.94 -1.00 -0.95 -0.94

Q(N2P) -0.81 -0.79 -0.83 -0.78 -0.80

Q(N3) -0.95 -0.93 -0.98 -0.95 -0.92

Q(N3P) -0.79 -0.77 -0.81 -0.77 -0.78

Q(C7) -0.94 -0.78 -0.96 -0.84 -0.81

Q(C7P) -0.11 -0.07 -0.12 -0.06 -0.10
aThe geometry optimizations were performed employing the B3PW91 functional and the indicated basis

sets. bThe “P” denotes the summation of the charge of the substituents into the atomic charge of the

respective center.

R = H compared to R = tBu. The corresponding bond orders differ by only 1-2%. Similar

deviations are found if the basis set size or the method of computation is varied. The atomic

charges vary to a somewhat larger extent, but also for this quantity the deviations are less

than 10%. Comparing Table 2.7 with Table 2.16 it is obvious that the atomic charges derived

with the NBO/NRT approach are less sensitive with respect to the method of calculation

than its AIM counterparts. The NBO derived charges of the sulfur atoms mimic their formal

oxidation state as can be seen in Table 2.17.

2.3.3 Comparison of AIM and NBO/NRT approach

The comparison of the AIM and NBO/NRT derived atomic charges of the sulfur and nitrogen

centers in all 8 different SN bonds is given in Table 2.17. The linear regression of this data set

yields QAIM = 1.34QNBO +0.09 with a correlation coefficient of R2 = 0.99 showing that both

approaches predict similar trends. The slope of 1.34 in combination with an intercept of 0.09

reveals, however, that AIM charges are enlarged. The absolute values of both approaches are
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Tab. 2.15: Influence of the substituents on the NBO/NRT expansion, on the computed bond orders

(BO) and on the charges Q in [e] of 4. The corresponding Lewis structures can be taken from Table

2.11.

R = Ha R = Mea R = tBua

Ls 1-3 29.09% 25.12% 15.51%

BO

BOt 1.33 1.32 1.31

BOc 0.96 0.97 0.95

BOi 0.37 0.35 0.36

Q

Q(S) +1.88 +1.90 +1.96

Q(N) -1.01 -0.84 -0.89

Q(NP)b -0.63 -0.63 -0.65
aThe geometry was optimized with the B3PW91 functional in combination with the 6-311G(d,p) basis set.

bThe “
P

” indicates that the charges of the substituents have been added to the N atom.

Tab. 2.16: Influence of the theoretical approach on the NBO charges in [e] of 4, R = Me.

Q(S) Q(N) Q(NP)a

HF/6-311G(d,p)b +2.23 -0.97 -0.74

MP2/6-31G(d,p) +1.91 -0.84 -0.64

B3LYP/6-311G(d,p) +1.90 -0.84 -0.63

B3PW91/6-311G(d,p) +1.90 -0.84 -0.63

B3PW91/6-31G(d,p) +1.96 -0.86 -0.65
aThe “P” denotes the summation of the charge of the substituents into the atomic charge of the respective

center. bThe geometries have been optimized at the indicated level of theory.

in good agreement for some centers but disagree in others. Table 2.17 shows that a nearly

perfect agreement is found for the N1 center of 1a and the N1 center of 2a which form single

bonds to three different neighbors. For all other nitrogen centers which form one bond to the

sulfur atom and one to a carbon center the deviation lies between 0.2-0.4 electron units. The

differences found for the sulfur are also quite interesting. A difference of only 0.19 electron
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units is found for 1a1, which possesses one single dominant Lewis structure. For compound

4 for which three equally contributing Lewis structures exist, the largest deviation of about

1 electron unit is obtained, i.e. the difference seems to correlate with the number of Lewis

structures in the NBO/NRT approach possessing a weight higher than 0.2.

Tab. 2.17: Comparison of AIM and NBO charges in [e]. All calculations were performed with the

B3PW91 functional in combination with a 6-311G(d,p) basis set (R = H).

molecule center Q(NBO) Q(AIM) ∆a

1a S1 1.13 1.32 0.19

1a N1 -1.02 -1.07 0.05

1a N2 -1.09 -1.32 0.23

2a S1 1.89 2.42 0.53

2a N1 -1.05 -1.07 0.02

2a N2 -1.13 -1.44 0.31

2a N3 -1.12 -1.46 0.34

3 S1 1.13 1.83 0.70

3 N1 -0.93 -1.29 0.36

3 N2 -0.91 -1.3 0.39

4 S1 1.88 2.86 0.98

4 N1 -1.01 -1.36 0.35
a∆ = Q(AIM)−Q(NBO).

If the total bond orders computed within the NBO/NRT approach are compared to

those obtained with the Cioslowsky approach[15] a linear correlation is found with the fol-

lowing parameters of the best fit: BOAIM = 0.96BONBO + 0.27, R2 = 0.91, i.e. a slope of

about 1 is found, but the Cioslowsky approach always gives a somewhat higher bond order.

The difference is even larger if it is taken into account that according to Cioslowsky only the

1The two main Lewis structures for compound 1a can be obtained from those of compound1. The main

Lewis structure of 1a is obtained from the Ls 1 of compound 1 by ommiting the upper monomer. The other

considerably less important one is obtained from the Ls 2 of 1a by ommiting the upper monomer. The third

Lewis structure found for 1a does not appear for 1. As can be seen from Table 2.12 only one dominant Lewis

structure remains.
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covalent bond order is computed, while the total bond order of the NBO/NRT approach is

used. If ionic contributions, which are expected due to the high atomic charges, were added

to the Cioslowski bond order, the corresponding total bond orders would become quite high.

However, while the AIM and the NBO/NRT approaches disagree in the actual numbers

for bond orders and atomic charges the trends for the series of compounds 1, 2, 3, and 4

are in line with each other. Both approaches predict increasing covalent as well as ionic

contributions when comparing a formal single bond to a formal double bond. For the formal

single S1−N1 bond of 2a (R = Me, Table 2.13), the NBO/NRT calculation yields a covalent

bond order of 0.3-0.4 and an ionic contribution of around 0.2. For the formal double bonds

S1 = N2 and S1 = N3 of the same molecule, covalent bond orders of around 0.8 are computed

and the ionic contribution is predicted to be 0.3-0.4. The bond order according to Cioslowsky

increases from 1.01 to 1.34 (for R = H, see Table 2.18) and as can be seen from Table 2.17 the

absolute value of the atomic charge also increases from 1.07 for the N1 center to about 1.44

for the N2 and the N3 center, i.e. also in this picture the covalent and the ionic bond strength

increase simultaneously. Figure 2.4 shows the correlation for the NBO/NRT approach.

This trend is also reflected in the densities and Laplacian values at the BCP. For

the B3PW91/6-311G(d,p) approach, the formal single bonds (S1 − N1 in 1 and 2a) pos-

sess densities at the BCP of 1.32 e
A3 and 1.37 e

A3 . They are associated with values of the

Laplacian of -8.58 e
A5 and −9.98 e

A5 , respectively, showing that SN formal single bonds are

comparable in density and Laplacian at the BCP. All formal double bonds possess increased

densities, indicating increased covalent bonding. Simultaneously, the Laplacian values at the

BCP are shifted toward positive values, which, within the AIM theory, indicate higher ionic

contributions (see Figure 2.3).

2.4 Summary and Conclusions

In the present study a set of sulfur-nitrogen compounds, which contain SN formal single

and double bonds and include nitrogen atoms involved in intermolecular and intramolecular

hydrogen bonds, is used to study the dependency of the bond topological AIM properties

and of the NBO/NRT data on the method of computations. Additionally, the theoretical
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Fig. 2.4: Ionic (BOi, ordinate) versus covalent (BOc, abscissa) NBO bond order in the 8 different SN

bonds of 1a, 2a, 3, 4, R = Me, calculated at the B3PW91/6-311G(d,p) level of theory. The increasing

sequence of covalent bond orders is accompanied by an increasing sequence of bond ionicity.

results are compared to each other and to their experimental counterparts.

For the SN formal double bonds the investigations show a quite strong dependency of

the λ3-values and as a consequence also the Laplacian values at the BCP vary with respect to

the theoretical approach and to the size of the AO basis sets. The other Hessian Eigenvalues,

λ1 and λ2, change to a smaller extent and the density itself varies only slightly. For all other

bonds the variations with respect to the theoretical approach are smaller. It is interesting to

note that all data obtained with the (2d,p)-polarization basis set proposed by Pople are found

to deviate considerably from the corresponding values from (1d,p) and (3d,p) polarization

basis sets.

The strong influence of the theoretical approach on the λ3-values found for the formal
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Tab. 2.18: Comparison of AIM and NBO bond orders (BO). All calculations were performed with

the B3PW91 functional in combination with a 6-311G(d,p) basis set (R = H).

molecule bond BO(NBO) BO(AIM)a ∆b

1a S1−N1 0.63 1.10 0.47

1a S1 = N2 1.31 1.52 0.21

1a S1− C2 0.95 1.03 0.08

2a S1−N1 0.59 1.01 0.34

2a S1 = N2 1.11 1.34 0.23

2a S1 = N3 1.31 1.37 0.07

2a S1− C7 0.90 0.99 0.09

3 S1 = N1 1.49 1.78 0.29

3 S1 = N2 1.36 1.77 0.41

3 N1 · · ·N2 0.15 0.34 0.19

4 S = N 1.32 1.55 0.23

4 N · · ·N 0.00 0.25 0.25
aBond orders according to Cioslowski. b∆ = BO(AIM)− BO(NBO).

double bonds mainly results from the strong dependency of λ3 from the position of the

BCP in these double bonds. As a consequence already small variations in the position

of the BCP lead to large variations in λ3 and as a consequence in the Laplacian. Since

λ1 and λ2 and the density change slowly, a smaller dependency of these properties with

respect to the theoretical description results. For all other bonds (e.g. formal single S − N

and S − C bonds) the BCP is located close to the middle of the respective bond. In this

region also λ3 varies only slowly so that smaller dependencies result. Despite this strong

influence the computed densities and Laplacian values at the BCPs are found to show a nice

correlation with computed bond distances and the formal characters of the bonds. Within

the NBO/NRT approach the weights of the leading Lewis structures are found to depend

strongly on the method of computations and basis set size, however, the derived properties

such as bond orders and atomic charges are found to be almost independent.

Within the set of model compounds AIM predicts considerably higher covalent bond
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orders. As commonly known, also higher atomic charges are obtained from AIM theory than

in the NBO/NRT approach (see, e.g., ref [78]). However, while both approaches disagree

considerably in the actual numbers computed for bond orders and atomic charges they agree

in the trends. Both predict increasing ionic and covalent bond contributions when comparing

the formal single to the SN formal double bonds.

For the present set of model compounds theory and experiment agree qualitatively

in the topological features of the electron density but disagree in the absolute values of the

density and of the Laplacian at the BCPs. Already the positions of the BCPs are different. To

answer the question whether experimentally and theoretically derived values can be compared

directly, the correlations between them were investigated. Such a correlation is only found for

the less sensitive properties such as the density at the BCPs. The more sensitive ones (e.g.

the values based on the second derivatives) do not correlate. Comparing other relationships

it was found that all theoretically derived properties correlate with the bond distances or

with the formal types of bonds, from the experimentally derived quantities such relationships

are only found for the density while they are missing for the more sensitive properties. An

example is the position of the BCP, which exclusively in the calculations clearly distinguishes

formal single and double bonds. It is interesting to note that single point calculations of the

density related properties at experimentally derived geometries require large basis sets. For

smaller basis sets the correlations between the Laplacian values and the bond distances

disappear. If both, the geometries and the density related properties are obtained from

theory, the correlations are also found for the smaller basis sets.

The reason for the different internal correlation behavior in the experimental and in

the theoretical bond topological data remains unclear. The Hansen-Coppens formalism is

possibly not flexible enough to describe the complex topology (i.e. density and Laplacian

at the BCP) of the present SN bonds correctly, as was stated in the literature.[67] The

little variation in the position of the experimental BCP supports this thesis. On the other

side there are examples of highly ionic bonding modes e.g. in silicon compounds,[77] which

show an BCP very close to the electropositive atom. Another possibility is that the Hansen

Coppens formalism is of sufficient flexibility, but multiple solutions exist in the least squares

refinement, maybe some of them of similar quality in the statistical quality measure.
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Chapter 3

Applications to formally

hypervalent chemical systems

3.1 S = N versus S+ − N−

3.1.1 Introduction

Since the landmark synthesis of the first sulfurdiimide S(NR)2 in 1956 by Goehring and

Weis[79] and the first sulfurtriimide S(NR)3 fourteen years later by Glemser and Wegener,[80]

the description of the bonding situation has attracted attention. As imide analogues of SO2

and SO3, they immediately were celebrated examples of valence expansion at the sulfur atom,

not obeying the eight-electron-rule. Since the structural characterization of S(N tBu)2[81] and

S(N tBu)3[82] revealed very short distances for the sulfur-nitrogen bonds of approximately

1.5 Å, this led to the formulation of S = N double bonds in those compounds.[83] This

description avoids formal charges (Pauling’s verdict), but implies valence expansion and d-

orbital participation at the central sulfur atom. However, this formulation is in contrast to

theoretical investigations from the mid 80s, which verified that d-orbitals cannot participate

in the sulfur-nitrogen bonding due to large energy differences between the sulfur p- and

d-orbitals.[84] Furthermore, these MO-calculations on second-row atoms in “hypervalent”

molecules showed, that the d-orbitals are mainly needed as polarization functions rather

than as bonding orbitals.[85, 86] Theoretical studies of SO2 and SO3 show that the S − O
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66 Chapter 3 Applications to formally hypervalent chemical systems

bonds have highly ionic character and bond orders close to one. It was demonstrated by

Cioslowski et al. that the octet rule even in this molecules is not violated and it is unneces-

sary to invoke the term of “hypervalency”.[87] A different bonding mode first was suggested

by Rundle.[88] He pointed out that the planarity of the SNx units allows the formation of

a delocalized π-electron system leading to a m-center-n-electron bonding.[89] Several experi-

mental observations in recent years[90] do not suit the idea of a classical S = N double bond,

e.g. the reactivity of many polyimido sulfur species in polar medium. They easily perform

transimidation reactions [90, d], generate diimides,[91] or the S−N bond inserts into a M−C

bond.[92] Since such reactions require facile S − N bond cleavage in a polar media, the re-

activities indicate a quite polar bonding rather than pπ − dπ double bonding. Furthermore,

the reassignment of the SN stretching vibrations in the Raman spectroscopic experiment

to much lower wave numbers (640 cm−1 and 920 cm−1 instead of initially assumed 1200

cm−1)[91, 93–95] indicates a weaker bond and probably another bonding type than S = N. To

elucidate the characters of the different SN bonds in the present study, the atoms in molecules

(AIM)[8] method and the NBO/NRT approach[97] was used to analyze and compare the

electron density distributions of methyl(diimido)sulfinic acid H(N tBu)2SMe (1), methylene-

bis(triimido)sulfonic acid H2C{S(N tBu)2(HN tBu)}2 (2), sulfurdiimide S(N tBu)2 (3), and

sulfurtriimide S(N tBu)3 (4), which are depicted in Figure 2.1 (page 39).

Experimental electron densities were determined from single crystal high-resolution X-

ray diffraction data, while the theoretical counterparts were obtained from DFT approaches

employing large atomic basis sets. The selection of molecules is well suited for this study,

since it covers a wide range of different SN bonds and contains sulfur atoms in the formal

oxidation states +IV and +VI. Additionally, it enables to study the influence of weak in-

teractions like inter- and intramolecular hydrogen bridges on the bonding between nitrogen

and sulfur atoms. While some aspects were already discussed for H2C{S(N tBu)2(HN tBu)}2
(2),[101] a thorough comparative study was still missing. Furthermore, while previous stud-

ies elaborate more indirect indicators (vibrational spectra, geometrical structures, chemical

reactivity), the present study is based on the interpretation of experimentally and theoreti-

cally determined electron density distributions. The routine low-resolution X-ray structures

of H(N tBu)2SMe (1),[91] and S(N tBu)3 (4),[82] are known, but a detailed investigation of
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H(N tBu)2SMe, 1 H2C{S(N tBu)2HN tBu}2, 2

S(N tBu)2, 3 S(N tBu)3, 4

Fig. 3.1: Textbook canonical forms of 1−4.

their bonding properties on the basis of the electron density was missing. Contrary to the

chemistry of sulfurdiimides,[99] the chemistry of sulfurtriimides is rather unexplored[100] due

to the up to recently synthetically limited access to sulfurtriimdes. [90, c] In early studies the

SN vibrations of sulfurtriimides in the region around 1200 cm−1 were used to witness S = N

double bonds, but unambiguous signal assignment, achieved by DFT methods, proves that

they appear at much lower wave numbers, indicating a much weaker bond and probably

another bonding type.[91] Hence, chemical and spectroscopical evidence stimulates the pre-

sented study of the charge density distribution in this target molecules. Both SIV species

H(N tBu)2SMe (1) and S(N tBu)2 (3) contain formal S = N double bonds. While in 1 a

67



68 Chapter 3 Applications to formally hypervalent chemical systems

localized formal double bond and a single bond coexist, in 3 both SN formal double bonds

are chemically equivalent. Interestingly they differ geometrically. Although former studies

concentrated on chemical aspects and standard molecular geometries and properties, pro-

found experimental charge density studies and their theoretical counterparts were required.

The density distribution of methylene-bis(triimido)sulfonic acid H2C{S(N tBu)2(HN tBu)}2
(2), obtained from high-resolution X-ray diffraction experiments has been published by

Leusser[101] nevertheless it is included in the present work for comparison purposes. The

work presented here extents the initial work by the theoretical determined electron densities

and their analysis.

3.1.2 Experimental details

All experimental work was done at the working group of Prof. Stalke, nevertheless some

experimental details are given for a better understanding. Diffraction data for all compounds

were collected on a Bruker Apex-CCD diffractometer equipped with a low temperature N2

gas stream device at 100 K.[102] The data were collected in an omega-scan mode (∆Ω =

−0.2◦,−0.3◦) at fixed φ-angles with a detector to sample distance of 5 cm at exposure

times of 4 to 15 seconds for the low-angle reflections and 40 to 200 s for the high-angle

reflections, respectively. This gives high-resolution data (sin θ/λ ≥ 1.11 Å−1) at redundancies

of three to almost ten depending on the Laue symmetry. The data collection was monitored

with SMART,[103] the integration was performed with SAINT[104] using the 3d profiling

method described by Kabsch[105] and corrected for absorption with MULABS implemented

in PLATON[106] using the Blessing[107] algorithm.1

1Crystal data for 1, 3 and 4 (data of 2 are given in ref [101]): The data were collected in omega-scan-mode

from shock-cooled crystals using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 100(2) K.

Data collections were performed in two independent batches, a low-angle (2Θdetector = −31◦) and a high-

angle batch (2Θdetector = −80◦), respectively. The resulting data sets were assigned an individual scaling

factor and were treated independently during all steps of data processing. The small overlap region was not

employed to scale both batches. This strategy allows a maximum resolution limit of up to sin Θ/λ = 1.14 Å
−1

from only two batches of data. 1: C9H22N2S1, M = 190.35, monoclinic, space group P21/c, a = 8.8832(3)

Å, b = 14.7504(5) Å, c = 9.3656(3) Å, β = 110.8510(10)◦, V = 1146.81(7) Å
3
, Z = 4, ρcalcd = 1.102

mg/m3, µ = 0.240 mm−1, F (000) = 424, 54868 reflections measured (low-angle batch, sin θ/λ < 0.625

Å
−1

), R(int) = 0.0567, 42875 reflections measured (high-angle batch, 0.625 Å
−1

< sin θ/λ < 1.111 Å
−1

),
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3.1.3 Refinement

All structures were solved with SHELXS,[108] and SHELXL-97[109] was employed for con-

ventional refinements using all data.2 The multipole refinements on F 2 data were performed

using the atom-centered multipole model by Hansen and Coppens.[110] The starting atomic

parameters were received by a spherical atom refinement3. The parameters of the non-

R(int) = 0.0300, 14000 unique reflections. 3: C8H18N2S1, M = 175.31, triclinic, space group P1, a =

5.9699(3) Å, b = 9.2877(4) Å, c = 9.9338(4) Å, α = 72.5050(10)◦, β = 88.3380(10)◦, γ = 84.6610(10)◦,

V = 523.04(4) Å
3
, Z = 2, ρcalcd = 1.113 mg/m3, µ = 0.258 mm−1, F (000) = 194, 12299 reflections

measured (low-angle batch, sin θ/λ < 0.625 Å
−1

), R(int) = 0.0461, 25532 reflections measured (high-angle

batch, 0.625 Å
−1

< sin θ/λ < 1.111 Å
−1

), R(int) = 0.0540, 11808 unique reflections. 4: C12H27N3S1,

M = 245.43, triclinic, space group P1, a = 9.3228(3) Å, b = 9.3455(3) Å, c = 10.6675(3) Å, α = 70.5150(10)◦,

β = 77.5710(10)◦, γ = 60.5540(10)◦, V = 761.52(4) Å
3
, Z = 2, ρcalcd = 1.070 mg/m3, µ = 0.196 mm−1,

F (000) = 272, 17996 reflections measured (low-angle batch, sin θ/λ < 0.625 Å
−1

), R(int) = 0.0287, 44864

reflections measured (high-angle batch, 0.625 Å
−1

< sin θ/λ < 1.111 Å
−1

), R(int) = 0.0307, 18250 unique

reflections.
2Refinement of 1, 3 and 4 (conventional/IAM refinement; data of 2 is given in ref [101]): The structures

were solved by direct methods and refined by full-matrix least squares methods against F 2. R values defined

as R1 =
P ||F0| − |Fc|| /

P |F0|, wR2 =
čP

w(F 2
0 − F 2

c )2/
P

w(F 2
0 )2

ď 1
2 , w =

č
σ2(F 2

0 ) + (g1P )2 + g2P
ď−1

,

P = 1/3[max(F 2
0 , 0) + 2F 2

c ]. 1: C9H22N2S1, wR2(alldata) = 0.0691, R1(I > 2σ(I)) = 0.0277, g1 = 0.043,

g2 = 0.0 for 176 parameters. 3: C8H18N2S1, wR2(alldata) = 0.0820, R1(I > 2σ(I)) = 0.0324, g1 = 0.049,

g2 = 0.0 for 155 parameters. 4: C12H27N3S1, wR2(alldata) = 0.0750, R1(I > 2σ(I)) = 0.0280, g1 = 0.050,

g2 = 0.0 for 227 parameters. All hydrogen atoms were located by difference Fourier synthesis and refined

without any distance restraints. The isotropic displacement parameters of the hydrogen atoms were refined

using a riding model (Uiso = 1.2 Ueq(N) for the nitrogen bonded hydrogen atom H1 in 1 and Uiso = 1.5 Ueq(C)

for all other hydrogen atoms). Crystallographic data (excluding structure factors) for the structures reported

in this chapter have been deposited with the Cambridge Crystallographic Data Centre as supplementary

publication no.196159 (1), CCDC-171901 (2), CCDC-191359 (3), and CCDC-191360 (4).
3Refinement of a starting model for subsequent multipole refinements: Positional and anisotropic displace-

ment parameters of the non-hydrogen atoms were refined by using exclusively reflections with sin θ/λ ≥ 1.0

Å
−1

(1, 2, 4) or sin θ/λ ≥ 0.8 Å
−1

3 due to application of an anharmonic motion model for sulfur by a

Gram-Charlier expansion to fourth order with 25 extra parameters in 3. During high-order refinement a

1/σ2(F 2) weight was used. The isotropic displacement parameters of the hydrogen atoms were refined using

a riding model (Uiso = 1.2 Ueq(N) for the nitrogen bonded hydrogen atom H1 in 1 and Uiso = 1.5 Ueq(C) for

all other hydrogen atoms) using reflections with sin θ/λ ≤ 0.5 Å
−1

. After refinement, the hydrogen atoms

were shifted along their bonding vector to neutron diffraction distances of 1.085 Å for the H − C(sp3) and

1.032 Å for the nitrogen bonded H atoms, respectively.
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hydrogen atoms were determined by high-order refinement (sin θ/λ ≥ 0.8 Å−1, 3, or 1.0

Å−1, 1, 2, 4), and those of the hydrogen atoms by exclusive use of the low-angle data (

sin θ/λ ≤ 0.5 Å−1) and a riding model for the isotropical thermal motion parameters. After

refinement the hydrogen atoms were shifted along their bonding vectors to neutron diffrac-

tion distances.[111] For S(N tBu)2, 3, application of an anharmonic thermal motion model

by a Gram-Charlier expansion[112] to fourth order for the central sulfur atom led to a signif-

icant improvement. A comparable situation for a sulfur-containing compound was already

observed by Lecomte et al.[113] and the application of an anharmonic motion model was

discussed in detail there. Multipole refinements were carried out on F 2 with the full-matrix-

least-squares refinement program XDLSM implemented in the XD package.[114] The core

and the spherical valence densities were composed of Hartree-Fock wavefunctions expanded

over Slater-type basis functions. For the deformation density terms single-zeta orbitals with

energy-optimized Slater exponents were used.[115] The expansions over the spherical har-

monics were truncated at the hexadecapolar level for the sulfur, nitrogen and sulfur-bonded

carbon atoms, for the other carbon atoms at the octapolar level. The hydrogen atoms were

represented by a bond directed dipole and quadrupole term. Chemically equivalent and sym-

metry related atoms were constrained to share the same expansion/contraction parameters

and multipole populations. Several local non-crystallographic symmetry restrictions were ap-

plied for the angular functions. The density parameters were implemented in the refinement

routines in a stepwise manner but in the final cycles all parameters were refined together

using positive reflections without any intensity over sigma restrictions until convergence was

reached4.

4Multipole refinements: In the pseudoatom model of the sulfur atoms recommended nl values (4, 4, 6, 8 for

l = 1, 2, 3, 4) were used for the deformation density model [110]. All compounds were refined with an identical

refinement strategy. Chemically equivalent atoms shared the same multipole parameters (methyl hydrogen

atoms, peripheral methyl carbon atoms, symmetry related tertiary carbon and nitrogen atoms). In addition,

symmetry restrictions were implemented to reduce the number of refinement parameters. 1: C3 symmetry

for all methyl groups; 2: C3 symmetry for all methyl groups, C2 symmetry for the two molecular moieties at

the bridging CH2; 3: C3 symmetry for all methyl groups; 4: C3 symmetry for the complete molecule and all

methyl groups. Residuals after multipole refinement: 1: wR1(I > 3σ(I)) = 0.0210, wR2(alldata) = 0.0271,

GoF = 1.2344, Nrefl/Nparam = 53.5; 2: wR1(I > 3σ(I)) = 0.0147, wR2(all data)= 0.0280, GoF = 1.3015,

Nrefl/Nparam = 67.9; 3: wR1(I > 3σ(I)) = 0.0203, wR2(all data)= 0.0314, GoF = 1.1631, Nrefl/Nparam =

44.1; 4: wR1(I > 3σ(I)) = 0.0180, wR2(all data)= 0.0293, GoF = 1.5970, Nrefl/Nparam = 82.6. All final
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3.1.4 Theoretical details

Gas-phase structures of the model compounds were optimized for different substituents R =

H, Me and tBu, respectively, employing a great variety of theoretical methods. Stationary

points were checked by frequency calculations. With respect to the basis set the computed

densities are converged at the 6-311G** level. The variations obtained as a function of the

theoretical approach were also small if correlation effects were included either via the MP2

formalism or via DFT. Substituent effects on SN bond topological as well as on NBO/NRT

properties are also small. The typical changes of the densities at the bond critical points

(BCPs) are below 0.2 e/Å3 and a detailed analysis of these small changes indicated that

e.g. the hybridization states of the sulfur and nitrogen centers are qualitatively not affected.

Consequently, the results obtained at the DFT B3PW91/6-311G(d,p) level of theory with

R = Me are presented. All calculations were performed with the Gaussian98 package.[116]

The subsequent topological analyses were performed with the AIM2000 package,[96] while

the NBO/NRT analyses were performed with the NBO 4.M package.[97]

3.1.5 Results and Discussion

The molecular structures of the sulfur-nitrogen compounds as derived from the X-ray ex-

periments after multipole refinement are displayed in Figure 2.1 (chapter 2, page 39), while

Table 3.1 gives selected geometrical parameters. In the solid state dimeric H(N tBu)2SMe

(1), adopts a twisted boat conformation of a S2N4H2 eight-membered ring due to intermolec-

ular hydrogen bonding of H1 to the opposite formally double bonded N2A. The relatively

short H1 · · ·N2A distance together with an almost linear N1 − H1 · · ·N2A angle indicate

a strong hydrogen bond in 1, which suggests that the dimerization of 1 is an important

energetic contribution to the solid state lattice energy.[98] The sulfur atom in 1 is trigonal

pyramidally substituted displaying a stereochemically active lone-pair and sp3 hybridization.

Threefold substitution of the nitrogen atom of the S − N(H)R amino residue gives rise to

an unambiguous S − N1 single bond of 1.6829(2) Å. The formal S = N2 double bond of

the imino moiety (1.5847(2) Å) is significantly shorter but 0.07 Å longer than the formal

double bonds in S(NR)3 (4). At first sight this bond elongation might be attributed to the

difference Fourier syntheses after multipole refinement are virtually featureless.
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hydrogen bond with N2 as the acceptor, but this commonly used argument cannot be sus-

tained in a comparison with 2 where extremely short formal S = N bonds are found although

the nitrogen atoms participate in hydrogen bonds, too. In 1 the N − C bond lengths are

almost equal, while the S − N − C angles differ only slightly (S1 − N1 − C1 = 119.6(1)◦

vs. S1 − N2 − C2 = 115.0(1)◦). It is remarkable that the trisubstituted nitrogen atom N1

shows the wider angle compared to the disubstituted N2. The angle at the potentially sp3

hybridized N1 should be closer to 109◦ than at the potentially sp2 hybridized N2. However,

the relatively narrow angle at N2 might be taken as the first hint that a single in-plane

lone-pair at N2 is not present in 1.

The intramolecular S1 − N1 − H1 − N5 − S2 − N4 − H4 − N2 ring in 2 forms a boat

conformation, bow and stern connected by the methylene bridge. The molecule consists of

two S(N tBu)2(NH tBu) moieties linked by CH2 and two intramolecular hydrogen bonds.

According to the Cahn-Ingold-Prelog rules, the structure of 2 is S/S chiral. Both moieties

are almost equal concerning bond lengths and angles, giving rise to a non-crystallographic

twofold axis through the methylene carbon atom C7 and the center of the S1 − C7 − S2

unit. The wide S1 − C7 − S2 angle of 122.2(1)◦ reflects considerable steric strain between

the two bulky methylene substituents. The fourfold substituted sulfur atoms in 2 obviously

are sp3 hybridized. Like in 1, different SN bonding modes are observed: two S−N(H) single

bonds and four formal S = N double bonds. The N− H · · ·N angles are much smaller than

those found for the intermolecular bridge in 1. The short H · · ·N distances also support the

assumption of a strong hydrogen bond. But in contrast to the situation in 1, the formal

S = N(acceptor) bonds in 2 are not that much elongated and match almost exactly the

averaged distance in 4 (expt: 1.512(2) Å).

In the solid state S(N tBu)2 (3) adopts a non-Cs symmetrical E/Z conformation. All

atoms of the SN2C2 backbone are almost located in a plane with an average deviation from

the mean plane of only 0.005 Å. The formal S = N bonds (1.5279(4) and 1.5437(4) Å) differ

0.016 Å in length, and both are in the range quoted for a double bond.[117] Compared to other

SN2 units both formal S = N double bonds[118] are in the range of short interactions (e. g.

S(NSiMe3)2[120] 1.516 and 1.523 Å; S(NSiPh3)2[121] 1.506 and 1.508 Å; S(NC6F5)(NPh)[122]

1.526 and 1.551 Å; S(NC6H4F − p)2[123] 1.539 and 1.555 Å). The S − N − C angles differ
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3.1 S = N versus S+ −N− 73

remarkably (expt: 118.3(1)◦ (E) vs. 128.1(1)◦ (Z)), where the angle of the E substituent is

close to the anticipated value of a sp2 nitrogen atom. The crystal packing of 3 exhibits short

S · · ·S distances of 3.5663(5) Å in the solid state, which are about 0.13 Å shorter than the

sum of the van der Waals radii.[124] An analogous arrangement has previously been observed

in Te{N(SiMe3)2}2.[125]

The experimental solid state structure of S(N tBu)3 (4) shows almost exactly C3h

symmetry (av. N− S−N = 120.0(3)◦). The formal S = N bond lengths (expt: av. 1.512(2)

Å) are slightly shorter compared to those of 3. This shortening might be attributed to the

higher oxidation state of the central sulfur atom (SVI in 3 and SIV in 4). [90, b] However, the

formal S = N bond lengths in 4 fall at the short end of the range observed for SN3 units.[118]

The atoms of the S(NC)3 core are located almost in plane. As already discussed by Pohl et

al.,[82] a slight trigonal pyramidal arrangement cannot be excluded for the SN3 unit in the

solid state structure. Relative to the N3 plane, the central sulfur and the tertiary carbon

atoms are shifted towards the same direction, while the in-plane methyl carbon atoms are

oriented about the same amount (some hundredth of an Ångstrøm) in the opposite direction.

Pohl and coworkers concluded that this finding is related to extended out-of-plane thermal

motion components. The preferred out-of-plane motion perpendicular to atomic bonds is

expected from the rigid bond postulate[119] and a comparison of the principal mean square

atomic displacements supports their assumption. The out-of-plane components in 4 are at

least two times the values of the in-plane motion, which is not the case for 3. This feature

might be attributed to a slight disorder of the SN3 units in 4 with respect to their mean

plane. Due to the relatively low temperature of 100 K this disorder is assumed to be of

static rather than of dynamic nature. The S−N−C angles (expt: av. 125.7(5)◦) are still in

sufficient agreement with the model of sp2 hybridized nitrogen atoms.

A general comparison of experimental bond lengths (R = tBu) and the corresponding

theoretical values obtained for the model systems with R = Me reveals only slight elongations

of the theoretical intramolecular bonds (≤ 0.02 Å). The SN bonds presented in Table 3.1 can

be separated into two classes: short ones with lengths normally quoted for S = N bonds[117]

(1.51 Å (S1−N1, 4) to 1.56 Å (S1−N1, 3)) and long ones (1.65 to 1.71 Å for S1−N1 in 2

and 1)) with distances in the range of standard S−N single bonds. The textbook canonical
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structures are presented in Figure 3.1. The differences of the intramolecular bonding angles

between experiment and theory are also found to be small (≤ 4◦). Larger differences are

found for the intermolecular bonding distances of the hydrogen bridges. These deviations

may result from the weak interaction compared to intramolecular bonding. Calculated and

solid state bonding angles of 2 also deviate considerably (N2, 5 − S1, 2 − N3, 6: 127◦ vs.

114◦). However, as shown by calculations performed for the optimized geometry and the

experimental arrangement, an energetic discrepancy of only 3.8 kcal/mol is found. This

indicates that the underlying bending potentials are very flat, for which the steric effects

resulting from the tBu groups lead to large changes in the geometrical parameters. Since

the change in the geometrical arrangement may also alter the character of the bonding, this

issue will be addressed later. The flat bending potentials also explain why N − S − N and

S−N−C angles vary in a wide range and do not contain straightforward information about

the hybridization states of the centers.
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76 Chapter 3 Applications to formally hypervalent chemical systems

a

b

c

Fig. 3.2: Correlation between theoretical and experimental bond distances and the charge densities

at the respective BCPs of 1−4. a) Experimental (x-axis) vs. theoretical (y-axis) bond distances of

SN bonds in [Å]. Best fit straight line: y = 1.154x + 0.223; coefficient of correlation R2 = 0.981. b)

Experimental (x-axis) vs. theoretical (y-axis) ρ(rBCP). Best fit straight line: y = 0.677x + 0.303;

coefficient of correlation R2 = 0.824. The outlier is from S1− N1 in 3. c) Bond distance (x-axis) in

[Å] vs. ρ(rBCP) (y- axis) in theory (circles) and experiment (triangles). Again, the outlier originates

from the experimental values of S1−N1 in 3.
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3.1 S = N versus S+ −N− 77

Topological Analysis and Laplacian Distribution

To obtain more insight into the bonding situation, complete topological analyses were per-

formed for all compounds. (3,-1) bond critical points (BCPs) representing saddle points in

the density between two atoms were detected for all bonds. In the topological definition, a

chemical bond is represented by the bond path, the gradient path linking two neighboring

nuclei along which ρ(r) is a maximum with respect to any neighboring line.The values of the

charge densities, ρ(rBCP), the negative Laplacians, −∇2ρ(rBCP), the ellipticities, εBCP, and

the eigenvalues of the Hessian matrix, λi, at the BCPs are presented in Table 3.2. According

to the atoms in molecules (AIM) theory of Bader, these properties can be used to distinguish

between various types of interactions. Negative values of the Laplacian accompanied by high

values of the density at the BCPs are commonly associated with a distinct covalent character

of the bond (“shared interactions”), while highly positive values in the Laplacian accompa-

nied by relatively small values of the electron density are attributed to an ionic character of

the bond (“closed shell interactions”).

For very polar bonds problems arise if the topology is discussed exclusively at the

BCPs.[67, 126] The BCPs of such bonds appear in a region where the density distribution is

shaped very flat, whereas the corresponding Laplacian distribution changes considerably. As

a consequence small changes in the description of ρ(r) already lead to large alterations in the

position of the BCPs. One consequence is the considerable difference between theoretically

and experimentally determined values. Since the SN bonds are expected to be polar, similar

problems have to be considered, and indeed, for the short SN bonds the theoretical BCPs

are located on roughly one third of the bond distance from S to N while the experimental

BCPs are found close to the center of the bond path. While the theoretical value is found

in the rampant edge of the Laplacian, the experimental BCP appears where the Laplacian

is changing smoothly. This difference is less prominent for the long S1 − N1 bonds in 1

and 2. Here the positions and topological values of the theoretical and experimental BCPs

correspond better. This indicates a larger polarity of the short SN bonds compared to the

single bonds. The shifts of the BCPs hampered the interpretation of the comparison between

theoretical and experimental eigenvalues λi.[67]

Nevertheless, since the BCP is defined as the point with the lowest density between
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78 Chapter 3 Applications to formally hypervalent chemical systems

the bonding partners, both, theory and experiment should at least correlate in ρ(rBCP).

Indeed, as can be seen from Table 3.2 and from Figure 3.2, experimental and theoretical

charge densities at the BCPs differ in absolute values but a correlation is obvious. However,

Figure 3.2 also shows one exception for ρ(rBCP) of S1 = N1 in 3. This unexpected value

seems to be related to the experimental position of the BCP, which, compared to the other

bonds under investigation, is located extremely close to the sulfur atom. As pointed out in

the Experimental details, the sulfur atom in 3 had to be refined with an anharmonic motion

model. Therefore, shortcomings in the experimental model are assumed to be responsible

for that outlier.

All expected VSCCs (VSCC = valence shell charge concentration) appearing as (3, -3)

critical points in the negative Laplacian were found for all experimental as well as theoretical

models. These VSCCs are used to identify the lone-pairs of the valence shell electron pair

repulsion model.[8] For all compounds under study the lone-pairs of the nitrogen atoms were

found to be inclined towards the electropositive sulfur atoms. This effect should be inter-

preted as lone-pair back-bonding as described by Chesnut.[127] Following this argumentation,

the lone-pairs can contribute to the bonding considerably by an orientation of lone-pair den-

sity towards the bonding region.

H(N tBu)2SMe (X-ray) and H(NMe)2SMe (Theory), 1. Compound 1 shows two

chemically different nitrogen centers (see Figure 2.1, chapter 2)). In the classical interpre-

tation as indicated by the Lewis diagrams in Figure 3.1 one would expect a single sulfur

amino and a double sulfur imino bond. The S1−N1 σ-type single bond in 1 represents the

longest bond path of all studied SN bonds with the lowest density at the BCP combined with

the smallest ellipticity of the systems under investigation. In contrast to the experimental

data, its theoretically determined Laplacian, ∇2ρ(rBCP), differs considerably from those of

the formal double bonds (see Table 3.2). Compared to this single bond, the density and

ellipticity at the BCPs for S1 = N2 is higher. In the experiment the difference between both

SN bonds is reflected by an increased negative Laplacian at the BCPs, while the calculations

reveal the opposite trend (Table 3.2). This results from the differences in the positions of the

BCPs, quite common for such polar bonds.[67, 126] Despite this, experiment and theory agree
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3.1 S = N versus S+ −N− 79

Tab. 3.2: BCP properties of the S− E (E = N, C) bonds in compounds 1−4a.

d dBCP ρ(rBCP) −λ1 −λ2 λ3 ∇2ρ(rBCP) εBCP

1 S1−N1 1.638 0.834 1.76(3) 10.26 9.66 11.97 -7.95(8) 0.06

1.71 0.75 1.43 7.74 7.19 3.69 -11.23 0.08

S1−N2 1.585 0.769 2.06(3) 12.28 11.32 10.43 -13.17(9) 0.08

1.60 0.63 1.72 8.65 7.63 10.32 -5.96 0.13

S1− C3 1.791 0.994 1.54(2) 9.18 8.72 9.20 -8.70(5) 0.05

1.808 0.973 1.29 7.46 7.04 6.58 -7.92 0.06

2 S1−N1 1.650 0.780 1.89(3) 11.47 10.32 8.38 -13.41(7) 0.11

1.70 0.74 1.51 8.88 7.92 3.27 -13.53 0.12

S1−N2 1.530 0.718 2.31(3) 13.61 12.41 9.43 -16.60(9) 0.10

1.55 0.60 1.86 10.65 8.31 19.35 0.39 0.28

S1−N3 1.520 0.718 2.37(3) 13.78 13.01 10.36 -16.44(9) 0.06

1.53 0.60 1.87 10.45 7.96 21.89 3.47 0.31

S1− C7 1.817 0.984 1.45(2) 8.69 7.95 8.64 -8.01(4) 0.09

1.836 0.854 1.25 7.26 7.02 6.94 -7.33 0.03

3 S1−N1 1.546 0.681 1.93(3) 9.62 8.99 9.18 -9.44(8) 0.07

1.56 0.60 1.76 9.78 7.37 22.50 5.34 0.33

S1−N2 1.531 0.788 2.24(3) 12.58 11.73 14.92 -9.38(7) 0.07

1.54 0.60 1.80 10.31 7.51 23.96 6.14 0.37

4 S1−N1 1.513 0.738 2.27(3) 14.40 11.83 15.69 -10.56(8) 0.22

1.53 0.60 1.86 10.91 7.16 21.74 3.67 0.52
a In each column the upper entry denotes experimental values, the lower entry gives theoret-

ical values from B3PW91/6-311G** calculations on methyl-substituted model compounds.

d is the bond path length [Å], dBCP [Å] denotes the distances of the BCP from the sulfur

atom. λi (i = 1, 2, 3) [e/Å5] are the eigenvalues of the Hessian matrix, εBCP is the ellipticity,

ρ(rBCP) [e/Å3] is the charge density and ∇2ρ(rBCP)[e/Å5] is the Laplacian at the BCP.

in nearly all qualitative features of the spatial distribution of ∇2ρ(r). Both exhibit local

concentrations of electron density above and below the S1 − N2 − C2 plane indicating two

non-bonding VSCCs (see Figure 3.3a-d, i, j). This is reminiscent to the computed findings
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in S4N4. Bader et al. found in their pioneering theoretical study the same density features

(two VSCCs in the bonding and two in the non-bonding region of the nitrogen atoms), which

persuaded them to formulate the SN bond as a S+ − N− bond.[128] However, in an exper-

imental charge density study of S4N4 the S − N single bond shortening was attributed to

π-contribution.[129] Since one stereochemically active non-bonding VSCC is also found for

S1 and N1 (Figure 3.3 a, b, c, d, i, j), both, experiment and calculations describe all S and N

atoms in 1 as predominantly sp3 hybridized. It is evident from this hybridization state that

the S1 − N2 interaction cannot be described as S = N double bond but has to be classified

as highly polar S+ −N− bond.
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3.1 S = N versus S+ −N− 81

a b c d

e f g h

i j

Fig. 3.3: Isosurface (expt: a, e, i; theo: b, f, j) of −∇2ρ(r) and contour plot representations (expt: c,

g; theo: d, h) of ∇2ρ(r) (solid lines negative, dashed lines positive values) around S1 (i, j), N1 (a-d)

and N2 (e-h) in 1.

This interpretation of the bonding situation is supported by the leading resonance

structure (weight ≈ 35 %) of 1 as obtained from the NBO/NRT analysis (Figure 3.4).

However, the additional two Lewis structures with smaller NRT weights give a more subtle

picture. They contain S1 = N2 double bonds but the S1 − N1 covalent bond found in the

leading Lewis structure is cleaved and replaced by an ionic interaction. Please note that

this ionic interaction not only covers the polarity one would expect from electronegativity

differences for each SN bond, but also is induced to some extent from the attempt of N2 to

redistribute the negative charge over the whole molecule. In the NBO/NRT interpretation,

the sulfur atom forms only two covalent bonds to the nitrogen centers, either one to each

neighbor (Figure 3.4a) or two to the N2 center but as a consequence none to the correspond-

ing N1 (Figure 3.4b, c). The third bond to the nitrogen atom, which appears in the classical

interpretation (Figure 3.4) is not covalent but arises from ionic interactions. However, as
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82 Chapter 3 Applications to formally hypervalent chemical systems

indicated by the less important Lewis structures this “ionic bonding character” is not lim-

ited to the pair S1 − N2 but to some extent distributed over the whole SN2 moiety. As a

consequence, also the charge, which in a strictly localized ionic bond would be concentrated

at N2, is distributed over both nitrogen atoms. From this model, one expects a polar S1−N1

bond with a covalent bond order considerably lower than one and an increased S1−N2 bond

order with higher covalent and at the same time also higher ionic contributions than in the

S1−N1 bond. This is indeed reflected in the bond orders computed by the NBO/NRT ap-

proach (Figure 3.4). The rationalization provided by the NBO/NRT approach is in complete

agreement with the description given by the AIM interpretation of the theoretical density.

As already discussed, two VSCCs were found at the N2 atom and one at the sulfur center

indicating an S+N− pair, but at the same time, the AIM analysis of the theoretical density

also describes the S1−N2 bond with a higher εBCP and ρ(rBCP) than in the S1−N1 bond.

This further proves that the charge located at N2 is redistributed to some extent to the SN2

core. It is important to note that the theoretical ∇2ρ(rBCP) gets considerably less negative

proceeding from N1−S1 to N2−S1, indicating a more ionic bond. At the same time ρ(rBCP)

also increases, which is commonly associated with a predominant covalent bond. In accord

to the redistribution description the lone-pairs of the nitrogen atoms are inclined towards

the electropositive sulfur atom, leading to lone-pair back-bonding.[127]

The experimental topological parameters provide almost the same model. It is im-

portant to note that theoretical and experimental BCPs are located at different positions.

Nevertheless, an internal comparison of the SN bonds within one approach (experimental or

theoretical) is consistent. In the experiment the negative value of ∇2ρ(rBCP) and the higher

density indicate an increase of the covalent character of S1 − N2 with respect to S1 − N1.

The number of VSCCs around the sulfur and the nitrogen atoms, however, lead to a S+N−

pair. As discussed for the theoretical results, the lone-pair back-bonding is reflected in an

inclination of the lone-pairs at N2 towards the bonding region.

In both experiment and theory a redistribution of the charge accumulated at the N2

center is observed; however, it may differ in the extent of the distribution. Theory describes

the system in the vacuum for which the localization of charge is even more unfavorable

with respect to the energy than in the polar solid state environment. As a consequence
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3.1 S = N versus S+ −N− 83

the redistribution in the present theoretical model is probably more distinct than in the

experiment. The difference should be quite small for 1, since both theory and experiment

agree in the first coordination sphere of the negatively charged nitrogen centers, given by the

intermolecular hydrogen bonds. Nevertheless, despite the differences at the BCPs, theory,

experiment, AIM and NBO/NRT coincide in describing a bonding situation which is much

closer to S1+ −N2− than to S1 = N2.

35.4 % 12.1% 11.4%

a b c

Fig. 3.4: NBO/NRT analysis of 1. Formal atomic charges: S1: +1.14 e, N1: -1.05 e, N2: -1.18 e.

Bond orders: S1− N1: 0.78 (covalent: 0.56, ionic: 0.23), S1− N2: 1.23 (covalent: 0.91, ionic: 0.32),

S1 − C3: 0.95 (covalent 0.93, ionic 0.02). Parts b and c are independent descriptions, as the two

H(NMe)2SMe residues were not constrained to be geometrically equal.

H2C{S(N tBu)2(HN tBu)}2 (X-ray) and H2C{S(NMe)2(HNMe)}2 (Theory), 2.

The geometrical arrangement of 2 (Figure 2.1, chapter 2) and its textbook Lewis struc-

tures (Figure 3.1) reveal two chemically different nitrogen centers (N1 vs. N2/N3). Due to

the low molecular symmetry of the system smaller differences can also occur between N2

and N3. The S1 − N1 bond in 2 shows almost the same properties as the S1 − N1 bond

in 1 (Table 3.2). Both reveal low electron density, low ellipticity, and particularly for the

calculations, a distinct negative Laplacian at the respective BCPs as expected for single

bonds. The short formal double bonds S1 = N2 and S1 = N3 are well distinguishable from

S1 − N1 with respect to the absolute values of the electron density at the BCPs but as

discussed before, for the former one, the positions of the theoretical and experimental BCPs

differ and as a consequence the corresponding Laplacians as well as the ellipticities cannot

be compared directly (Table 3.2). Therefore, information about the hybridization state and
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84 Chapter 3 Applications to formally hypervalent chemical systems

the bonding of the sulfur and nitrogen atoms in 2 has to be deduced from an investigation

of the spatial distribution of ∇2ρ(r). As already discussed previously,[101] the experiment

obviously indicates sp3 hybridized nitrogen and sulfur atoms since, for the former well re-

solved lone-pair related VSCCs are found (Figure 3.5a-g). They are notably inclined towards

the sulfur atom, again testifying lone-pair back-bonding leading to bond strengthening and

shortening. Theory and experiment agree in the spatial distributions of ∇2ρ(r) around N1,

N2 (Figure 3.5e, f, h, i) and S1, but for N3 only one non-bonding VSCC could be identified

by a (3, -3) cp in the theoretical −∇2ρ(r) (Figure 3.5g vs. 3.5j). This can neither be assigned

to a basis set deficiency (employment of the larger basis set 6-311++G** yielded the same

results) nor to the slight differences in geometrical features. However, the differences are

only marginal, since the theoretical spatial distribution of −∇2ρ(r) in the lone-pair region

of N3 is of distinct banana shape which also indicates at least partial sp3 character.
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a

b c d

e f g

h i j

Fig. 3.5: Isosurface (expt: a-d) of −∇2ρ(r) and contour plot representations (expt: e-g, theo: h-j) of

∇2ρ(r) (solid lines negative, dashed lines positive values) around S1 (a), N1 (a, e, i), N2 (c, f, i) and

N3 (d, g, j) in 2.

The NBO/NRT analysis for H2C{S(N tBu)2(HN tBu)}2 (2) had to be performed for

MeS(NMe)2(HNMe) as a model due to convergence problems of the NRT procedure in 2.
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However, the geometry of the model compound is almost identical to the main residue in 2.

Thus, both possess very similar electronic structures in the SN moieties. The NBO/NRT

analysis gives three leading Lewis structures which cover 75% of the electron distribution not

unambiguously assigned to a single canonical formula (Figure 3.6) and describe a situation

comparable to 1. The leading configuration supports the AIM results and experimental

density distributions (Figure 3.5): sp3 hybridization of S and all N atoms and consequently

no S = N double bonds but ionic contributions instead. The two additional Lewis structures

(Figure 3.6b, c) confirm that the ionic character already detected in 1 again is found in all SN

bonds of 2. For 1 and 2 comparable formal charges and bonding characters are computed by

the NBO/NRT approach. According to the formal oxidation state +VI of the sulfur atom,

the formal charge of the sulfur atom changes to roughly +2 instead of +1 in the first. An

inspection of the topological parameters given by the AIM procedure shows 2 to be similar

to 1. For experiment and theory the short SN bonds reveal increased density at the BCPs.

Similar discrepancies as in 1 for the theoretical and experimental ∇2ρ(rBCP) and εBCP are

observed in 2 resulting from differing positions of the BCPs in the SN bonds. Nevertheless,

the investigations show that the SN interaction in 2 is similar to the S+−N− bonding in 1.

In 1 the differing redistribution of the charge concentration at N2 in the theoretical model

was attributed to the neglected solid state environment. These effects are assumed to be

small since in 1 the first coordination sphere around the negatively charged N2 was taken

into account (intermolecular hydrogen bond). For the molecule 2, however, only the first

coordination sphere of N2 is adequately described (intramolecular hydrogen bond), while for

N3, which is imbedded in a polarizing crystal field in the solid state, theory only mimics the

vacuum.

S(N tBu)2 (X-ray) and S(NMe)2 (Theory), 3. Due to the geometrical arrangement

(E/Z vs. E/E or Z/Z), 3 possesses two slightly different N centers (Figure 2.1, chapter 2)

but in the canonical form (Figure 3.1) both are doubly bonded to the sulfur atom. The

calculations on S(NMe)2 give two SN bonds with almost identical topological parameters.

In contrast, the experimental results for the two corresponding bonds in S(N tBu)2 differ

remarkably. However, as discussed above, the theoretical findings seem to be more reliable,
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47.6 % 19.0 % 8.9%

a b c

Fig. 3.6: NBO/NRT analysis of MeS(NMe)2(HNMe), 2a, to elucidate the bonding in 2. Formal

atomic charges: S1: +1.89 e, N1: -1.05 e, N2: -1.13 e, N3: -1.12 e; bond orders: S1-N1: 0.67

(covalent: 0.44, ionic: 0.23), S1-N2: 1.11 (covalent: 0.84, ionic: 0.26), S1-N3: 1.30 (covalent: 0.93,

ionic: 0.37) S1-C3: 0.90 (covalent 0.89, ionic 0.01).

since the refinement of 3 and the resulting topological values at the BCP of S1 = N1 break

ranks (Figure 3.2 and Table 3.2). Based on the theoretical findings, the values of ρ(rBCP) at

both SN vectors are comparable to the short SN bonds of 1 and 2. However, experimental as

well as theoretical Laplacian distributions reveal only one single in-plane oriented lone-pair

VSCC at both nitrogen centers and at the sulfur atom indicating primarily sp2 hybridization

(Figure 3.7c, d). This finding visualizes the major difference between 3 and 1 or 2 for

which a sp3 hybridization is assumed. The sp2 hybridization in the planar SN2 core of 3

allows the formation of m-center-n-electron bonds first discussed by Rundle. [88, a] Indeed, an

inspection of the orbitals (Figures 3.7e-g) shows two occupied π-orbitals in 3, which support

the formulation of a 3-center-4-electron bond. However, the shape of the orbitals supports a

strong polarization as it was also found for the σ-system of 1 and 2.
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a b

c d

e f g

Fig. 3.7: Reactive surfaces, ∇2ρ(r) = 0, (expt: a, theo: b), experimental (c) and theoretical (d)

distributions of −∇2ρ(r) in the SN2 plane, and molecular orbitals (e, HOMO-3; f, HOMO-1; g,

HOMO) of 3.

The same bonding pattern results from the NBO/NRT analysis (Figure 3.8). The two

leading resonance structures reflect the delocalization of the charge due to the 3-center-4-

electron bonding in combination with a distinct polarization of the π-system. Surprisingly,

the third leading Lewis structure (weight 10.5 %) reveals a N−N bonding interaction. This

could result from the lowest π-orbital (Figure 3.7e), but its contribution to the bonding with

respect to both N atoms is canceled by the second occupied π-orbital (Figure 3.7g), which

is of antibonding character with respect to both nitrogen centers. The unexpected N − N

bond, which was not deducible from the Bader analysis, is presumable formed by the HOMO-

1 orbital (3.7f), which reveals a bonding in-plane π-character between the nitrogen atoms.
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3.1 S = N versus S+ −N− 89

The N − N bonding in 3 is chemically most plausible as the thiadiaziridines, containing

a SN2 heterocycle, is a well established class of compounds from the early 1970s. First

established for the dioxides O2S(NR)2[130] later the sulfur(IV) three membered rings were

synthesized.[131] However, in O2S{N(C(Me)2CH2 tBu)}2, the only structurally characterized

compound, [130, c] the N−N bond of 1.67 Å is considerably shorter than the N · · ·N distance

of 2.625 Å in 3. Thus this N · · ·N interaction is expected to be quite weak. The differences

found between 1 and 2 (sp3 hybridization of N and S, redistribution of charge through back

donation) and 3 (sp2 hybridization, delocalization through a 3-center-4-electron bond) are

reflected in the computed bond orders (Figures 3.4, 3.6 and Figure 3.8, respectively). In 3

the higher bond orders (about 1.5 vs. 1.1-1.2) result from an increase of the covalent (1.04

vs. 0.8-0.9) as well as the ionic contributions (0.45 vs. 0.2-0.3). Obviously, the redistribution

of charge via a delocalized π-system is more efficient than by the back-bonding effect of

both lone-pairs discussed in 1 and 2. This can also be seen from the formal charges of both

nitrogen centers which are considerably smaller than in 1 and 2.

44.1% 31.1 % 10.5%

a b c

Fig. 3.8: NBO/NRT analysis of 3. Formal atomic charges: S1: +1.11 e, N1: -0.71 e, N2: -0.77 e.

Bond orders: S1-N1: 1.49 (covalent: 1.04, ionic: 0.45), S1-N2: 1.33 (covalent: 0.98, ionic: 0.35).

Although differences between the theoretical and experimental topological parameters

are obvious, both approaches show remarkable agreement in terms of the spatial distribution

of the Laplacian. This is particularly noteworthy for the non-symmetric distribution in the

areas of positive ∇2ρ(r) around the sulfur atom which reveals an open reactive surface at the

ZZ-side of S1 (Figure 3.7a, b). This spatial distribution of the reactive surface ( ∇2ρ(r) = 0)

is in ideal accordance with the observed reactivity, e.g. , from the reactions of sulfurdiimides

with organometallics.
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S(N tBu)3 (X-ray) and S(NMe)3 (Theory), 4. Together with the S1 − N3 bond of

2, the three equivalent SN bonds of 4 (Figure 2.1, chapter 2) are the shortest of all S-N

bonds under study (Table 3.1). Due to its non-crystallographic C3h symmetry, 4 can either

be formulated as hypovalent species with three S3+ −N− bonds or as hypervalent molecule

with S = N double bonds (Figure 3.1). In the theoretical density distribution of S(NMe)3,

all nitrogen atoms reveal one single in-plane oriented lone-pair VSCC indicating sp2 hy-

bridization as already observed in 3 (Figure 3.9d, e). In contrast, the experimental density

distribution in S(N tBu)3 leads to two (3,-3) cp in −∇2ρ(r). One is oriented in the SN3 plane

while the second is positioned almost perpendicular to it (Figure 3.9a). To test for model

dependencies several levels of theory were employed but no qualitative changes were found.

For an investigation of substituent effects S(N tBu)3 was calculated, but again, just marginal

changes in the density distribution around S and N were detected. The influence of the

geometry was also checked. An analysis at the optimized theoretical as well as experimental

geometry reveals no relevant changes concerning number and position of the (3,-3) cp in

−∇2ρ(r). Since the computed density is converged with respect to the approach the differ-

ences between experiment and theory either have to be assigned to the experimental density

model (disorder) or to the neglect of the crystal environment in the theoretical calculations.

However, it is pointed out that the theoretical −∇2ρ(r) distributions in the lone-pair regions

of the nitrogen atoms are of distinct banana shape (Figure 3.9d). Therefore, the difference

between one or two separated VSCCs is regarded to be only a gradual one. Nevertheless,

the theoretical distribution is symmetric relative to the SN3 plane, while the experimental

lone-pair regions show preferential orientation towards the closest neighbor in crystal packing

(Figure 3.10).

Apart from the bare number of non-bonding VSCCs, theory and experiment are in

accordance concerning the other bonding features: high densities and unprecedented distinct

ellipticities of the formal S = N bonds. The spatial distributions of the Laplacian around

the sulfur atom correspond also very well. This indicates that the reasons leading to the

differences discussed above do not influence the electronic properties to a large extent. One

example is the equal shape of experimentally and theoretically derived reactive surfaces

presented in Figure 3.9c and f, respectively. They explain perfectly the reactivity of 4. The
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a b c

d e f

Fig. 3.9: Isosurface (expt: a, theo: d) and contour plot representations (expt: b, theo: e) of ∇2ρ(r),

reactive surfaces (expt: c, theo: f).

5.175 Å

5.671 Å

Fig. 3.10: Packing of S(N tBu)3 (4) in the solid state; methyl groups are omitted for clarity.

reactive surface shows areas of strong charge depletion in the SN3 plane at the bisections of

the N − S − N angles at the sulfur atom. Interestingly, differing from the distribution in 3

(Figure 3.7a), there is no hole in the reactive surface on top or underneath the sulfur atom.

This, in fact, explains the reactivity of the sulfurtriimide: S(N tBu)3 reacts smoothly with

MeLi, [90, a] PhCCLi,[92] SC4H3Li[132] or SC4HLi2,[133] but not with nBuLi or tBuLi. The

carbanionic nucleophil has to approach the sulfur atom along the NSN bisection in the SN3
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92 Chapter 3 Applications to formally hypervalent chemical systems

plan or in an angle of less than about 45◦ which is only feasible for small or planar carbanions.

Bulky anions cannot reach the holes, due to the steric hindrance of the N tBu groups. The

steric argument would not be valid if a direct orthogonal attack above or underneath the

sulfur atom was favored, as there is sufficient space in the planar molecule to reach the sulfur

atom directly.

As for 3, the symmetry of 4 allows the formation of a π-system perpendicular to the SN3

plane. This is indeed found. The occupation pattern of the orbitals indicates a 4-center-6-

electron bonding (Figure 3.11). The NBO/NRT analysis supports the same interpretation.

Fig. 3.11: The HOMO-5 in 4.

It gives one leading, three-times degenerated resonance structure (Figure 3.12), which covers

75% of the distributed electronic structure. These Lewis structures reflect the delocalization

effects due to the 4-center-6-electron bonding in combination with a distinct polarization of

the π-system. The computed bond orders are slightly smaller than in 3. Contrary to 3 no

bonding between the nitrogen atoms is found. The reason may be the lack of the in-plane π-

orbital, which is responsible for the bonding in 3. The interpretation given by the NBO/NRT

analysis (polarized SN bonds accompanied by delocalization effects via a 4-center-6-electron

bonding) is in accordance with the findings of the AIM approach which gave sp2 hybridized

centers, high densities, and unprecedented distinct ellipticities at the BCPs for both, theory

and experiment.

The disagreement between experiment and theory about the number of VSCCs around

the nitrogen centers could result from the possible disorder in the solid state discussed above

or from crystal field effects, which are not taken into account in the theoretical model. In
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25.12% 25.12% 25.12%

a b c

Fig. 3.12: NBO/NRT analysis of 4. Formal atomic charges: S1: +1.90 e, N: -0.63 e. Bond orders:

S-N: 1.33 (covalent: 0.97, ionic: 0.35).

the solid state the S(N tBu)3 molecules are oriented in a staggered ladder structure (Figure

3.10). Each sulfurtriimide molecule is surrounded by two coplanar neighboring units. One is

in relative close proximity (5.175 Å) connected via a center of inversion. The other neighbor is

located in a distance of 5.671 Å. The out-of-plane VSCC at the nitrogen atoms point toward

the closest neighboring electrophilic sulfur atom in the S−N · · ·S−N stack. Therefore, this

charge concentration might not indicate a lone-pair but a perturbation in the delocalized

π-system.

3.1.6 Conclusions

The work at hand presents the character of various types of SN bonding. The charge density

distribution in the four sulfur-nitrogen compounds methyl(diimido)sulfinic acid H(N tBu)2SMe,

1, methylene-bis(triimido)sulfonic acid H2C{S(N tBu)2(HN tBu)}2, 2, sulfurdiimide S(N tBu)2,

3, and sulfurtriimide S(N tBu)3, 4, was determined by high-resolution X-ray diffraction ex-

periments and theoretical approaches. Good agreement between experimental and theoreti-

cal results was obtained for the geometrical properties and for the qualitative features of the

spatial distribution of the Laplacian (shape of ∇2ρ(r), number and positions of non-bonding

VSCCs). One exception (the S1−N1 bond in S(N tBu)2) was related to shortcomings in the

experimental model. The reason for the other discrepancy between theory and experiment

(number of VSCCs at the nitrogen centers of S(NR)3) remains unclear since it could be

induced by the crystal field. However, the deviations are just marginal. Large differences

between theory and experiment are found if the comparison was restricted to the Eigenval-
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ues of the Hessian matrix at the BCPs. Particularly λ3 deviates strongly. This well-known

mismatch between theory and experiment arises mainly from the different positions of the

theoretical and experimental BCPs in the short SN bonds. Nevertheless, the charge densities

at the BCPs were found to be well correlated. Due to the deficiencies mentioned above, the

bonding analyses were performed by investigating the spatial distribution of ∇2ρ(r) which

allowed a profound characterization of the various bond types.

As expected, all SN bonds are found to be quite polar. The bonding mode of the short

SN bonds is of particular interest, while the long SN bonds between sulfur and the trisubsti-

tuted nitrogen atoms doubtless represent polar single bonds. The bonding type of the short

SN bonds between sulfur and the disubstituted nitrogen atoms depends on the geometrical

arrangement of the SN moiety. In the classical interpretation they are formulated as S = N

double bonds but, for the species H(NR)2SMe and H2C{S(NR)2(HNR)}2, respectively, in

which the sulfur atoms are obviously sp3 hybridized, AIM indicates negatively charged sp3

nitrogen atoms with two lone-pairs at each disubstituted nitrogen atom. The NBO/NRT

analyses support this finding and draw a more subtle picture. A redistribution of the density

from the negatively charged nitrogen centers into the SN bonds is indicated. Thus, the short

SN bonds exhibit increased covalent as well as ionic contributions to the total bond order

compared to the long SN bonds, which is indeed reflected by the NBO/NRT bond orders. In

the AIM interpretation the redistribution can also be deduced from the topological parame-

ters. Furthermore, the VSCCs are found to be oriented toward the sulfur centers leading to

lone-pair back bonding. In summary, the investigations show that the short bonds of 1 and

2 should be formulated as S+−N− rather than as S = N double bond. Valence expansion to

more than eight electrons at the sulfur atom, however, can definitely be excluded to explain

the bonding.

In the planar species S(NR)2, 3, and S(NR)3, 4, the analyses of the spatial distributions

of ∇2ρ(r) reveal sp2 hybridization for all S and N atoms. This indicates a π-system above

and below the SNx plane. Such a π-system is indeed reflected by the corresponding π-orbitals

and the leading resonance structures given by the NBO/NRT approach. This bonding type

corresponds to the 4-center-6-electron bonding. As a consequence of the π-system, the

redistribution of charge should be more efficient. Indeed, the NBO/NRT analyses reveal
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increased covalent contributions to the SN bond orders accompanied by decreased charges at

the nitrogen atoms in 3 and 4 compared to 1 and 2. However, from the shape of the orbitals

and from the NBO/NRT resonance structures it is obvious that the π-orbitals are polarized.

Thus, also the ionic contributions to the total bond orders are slightly raised in the short

SN bonds of 3 and 4. Again, valence expansion at the sulfur atom can be excluded.

In addition to the bonding type the investigations also elucidate the experimentally

observed reactivity by inspection of the reactive surfaces. For example, S(N tBu)3 reacts

smoothly with MeLi and PhCCLi but not with nBuLi or tBuLi. The analysis shows that

this discrimination of large reactants can be related to small areas of strong charge depletion

in the SN3 plane at the bisections of the N− S−N angles.
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3.2 Si−E (E = N, O, F) Bonding in a Hexacoordinated Silicon

Complex

3.2.1 Introduction

The concept of hypervalency in molecules, which hold more than eight valence electrons

at the central atom, still is a topic of constant debate.[134] Especially for compounds with

strongly electron-withdrawing substituents, it seems that this concept is not useful; e.g.

recent studies proved that sulfurimides and phosphonium ylides should not be described as

hypervalent species with S = N and P = C bonds.[65, 135,136] Since the last decades there

is general interest in silicon compounds with more than four substituents at the central

silicon atom.[137] The dispute whether this silicon is hypervalent or high-coordinated is a

paradigmatic case where the presence or absence of a bond is believed to be deducible from

merely geometrical features extracted from routine structure determinations.[138] However,

topological analysis of the experimentally determined charge density of these bonds provides

a much more powerful tool to elucidate the nature of the bonding far beyond bond lengths

and angles consideration.

As early as 1939, Pauling, on the basis of ∆EN between Si and O, came to the conclu-

sion that a Si−O bond has about 50% covalent character rather than being purely ionic;[139]

nevertheless the nature of the Si−O bond still remains controversial.[140] However, studies

are mainly focused on silicates. Topological studies on Si−N bonds as well as those on Si−F

bonds based on data from high resolution X-ray experiments are not yet available5.

In this chapter the topological analysis of a hexacoordinated silicon atom in an organosil-

icon compound is provided. Difluoro-bis-[N-(dimethylamino)phenylacetimidato-N,O]silicon

(5) (Figure 3.13) is a convenient example as it contains three different sets of highly polar

silicon-element bonds (Si− E, E = N,O,F) in the same molecule6. The classification of the

5(a) A theoretical study of a Si−N bond: Wang, J.; Eriksson, L. A.; Boyd, R. J.; Shi Z. J. Phys. Chem.

1994, 98, 1844. (b) experimental charge density distribution in K2SiF6 but without quantitative topological

analysis: Herster, J. R; Maslen, E. N. Acta Crystallogr. 1995, B 51, 913.
6Routine crystal structure from standard diffraction experiment to 2Θmax. = 53◦ (Mo Kα) published

in Kalikhman, I.; Gostevskii, B.; Girshberg, O.; Sivaramakrishna, A.; Kocher, N.; Stalke, D.; Kost, D. J.

Organomet. Chem. 2003, 686, 202.
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Fig. 3.13: Solid state structure of 5, hydrogen atoms are omitted for clarity. The asymmetric unit

contains only half of the molecule. The second part is generated by a two fold axis at the bisection

of the O − Si − O angle, the silicon atom is located on a special position. Anisotropic displacement

parameters are depicted at the 50% probability level.

Si−E bonds is based on various criteria deduced from the results of a multipole refinement

based on high resolution X-ray data: electron density, the Laplacian along the bond path and

its spatial distribution around the electronegative atoms. Furthermore, the total electronic

energy density and the kinetic energy density at the bond critical point (BCP) was calculated

and AIM charges were obtained from the integration over the atomic basins. The properties

at the BCP as well as the Laplacian distribution, the above mentioned energies and the

atomic charges are compared to the results derived from theoretical calculations. Additional

Natural Bond Order (NBO) and Electron Localization Function (ELF) calculations have

been performed, which substantiate the experimental findings.

3.2.2 Experimental conditions and refinement

All experimental work was performed by Prof. Stalke and co-workers. The present work

discusses only theoretical questions and their connection to experimental findings. Since

the quality of the refinement depends on the experimental circumstances, the experimental

details are briefly described.

A well shaped, oil coated crystal, obtained from cooled diethyl ether solution, was
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mounted on a glass fiber. The diffraction experiment was performed up to a scattering

angle of 2θmax. = 108.6◦ (sin θ/λ = 1.14 Å−1, d = 0.43 Å) and an overall completeness

of approximately 98% within five days7. Data were collected on a BRUKER APEX-CCD

diffractometer (graphite-monochromated Mo Kα radiation, λ = 0.71073 Å) equipped with

a low temperature device at 100(2) K[141] in Ω-scan mode with only two different detector

positions (2θ = 31◦ and 80◦, respectively). For integration and data reduction the pro-

grams SAINT,[142] SORTAV[143] and XPREP[144] were applied, respectively. 11448 unique

reflections were employed in multipole refinement (sin θ/λmax = 1.10 Å−1) according to the

Hansen and Coppens formalism[110] which is implemented in the full-matrix-least-square re-

finement program (XDLSM) of the XD program package[114] up to the hexadecapole level

using statistical weights wH = 1/σ2
H during the refinement. The final difference Fourier

map is featureless and the results of the rigid bond test reveal that the electron density

is properly deconvoluted from thermal motion although the mass differences in the bonds

are not negligible.[119] From the obtained multipole parameters a topological analysis of the

charge density was performed and atomic properties were evaluated using new features in

XDPROP,[114] TOPXD[145] and WinXPRO.[146]

3.2.3 Theoretical details

The gas-phase structure of 5 (Figure 3.13) was optimized at the B3LYP/6-311G(d,p) level

of theory, which shows converged density properties (see, e.g., chapter 2). In all calculations

C2 symmetry was imposed. Stationary points of this calculation were checked by frequency

calculations. The difference in total energy of the experimentally determined solid state

geometry, which was used as starting point for the optimization, and the fully optimized

geometry at this level of theory is smaller than 4 kcal/mol. All optimized geometries from

density functional theory (DFT) calculations remain very close to the experimental geom-

etry. The only apparent effect is the relaxing of the slightly twisted phenyl group into a

7Crystallographic data for refinement of high resolution data set: Monoclinic; space group C2/c; a =

19.844(2) Å, b = 8.537(2) Å, c = 12.068(2) Å, β = 113.7310(10)◦, V = 1871.51(11)Å
3
, Z = 4, µ = 0.166

mm−1, 53909 reflections measured, 11448 unique, R(int) = 0.0537 (low angles) and 0.0738 (high angles), wR2

(all data) = 0.1052, R1(I > 4σ(I)) = 0.0420, for 126 parameters. Crystallographic data have been deposited

with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-208970.
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coplanar geometry with the N2 − C3 − O1 plane. All calculations were performed with

the Gaussian98 package.[116] The subsequent topological analyses were performed with the

AIM2000[96] package and with ToPMoD.[147] The NBO/NRT analyses were performed with

the NBO 4.M package employing the B3LYP/6-311G(d,p) level of theory.[97] The same level

of theory was employed for ELF calculations with ToPMoD and subsequent visualization

with SciAn.[148]

3.2.4 Results and Discussion

The theory of atoms in molecules according to Bader (AIM)[8] allows to judge on the nature

of chemical interactions based on experimental electron densities rather than being limited to

the indirect classification based on the comparison of connectivities and geometrical features

of routine structure determinations. To characterize the Si−E bonds, the charge density ρ(r)

and the Laplacian distribution ∇2ρ(r) were analyzed in terms of Bader’s theory of AIM. All

anticipated bond critical points (BCP) in the bonding regions were found. They are located

closely to the electropositive silicon atom (see Table 3.3 and Figure 3.15). However, the

displacement from the center of the bond path is more pronounced for the Si − F and the

Si − O bond in the theoretical results. The consequences of these altering positions are

different topological values from experimental and theoretical studies at the BCP. This is

a well known problem in combined experimental and theoretical studies.[67, 126] However,

athough the individual values of bond topological properties from theory and experiment

differ, they are nevertheless in better agreement than in the case of the sulfur nitrogen species,

where the experimental Laplacian values assume exclusively negative values (see chapters 2

and 3.1). The relatively good agreement of experiment and theory can be deduced from the

topological properties at the BCP of the Si − E bonds. The positions of the experimental

and theoretical BCPs in 5 differ only marginally. Furthermore, the spatial distribution of

properties like the Laplacian is also important in comparative studies.[65, 135] The values of

the total density ρ(r) and the Laplacian at the BCP in the phenyl ring8 of 5 match those of

other compounds,[149] further supporting the credibility of the used model. A ring critical

point could be determined in the center of the phenyl rings as well as in the SiOCN2 five

8See Supporting Information.
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membered heterocycles, respectively.

a b

c d

Fig. 3.14: Laplacian distribution in the O2SiF2 (a: experiment; c: theory) plane and in the SiN2

plane (b: experiment; d: theory) of 5 (not all atoms are exactly in this plane); positive values of

∇2ρ(r) are depicted by red, negative by blue lines. Contours drawn at 0.000, ±2.0×10n, ±4.0×10n,

±8.0× 10n e/Å
5
, where n = 0, ±1, ±2, ±3.
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102 Chapter 3 Applications to formally hypervalent chemical systems

The Si − O as well as the Si − F bond lengths from experiment are in the range

normally observed for hexacoordinated silicon compounds.[137] The electron density at the

BCP of the Si−E bonds derived from the experiment is remarkably low compared to those

bonds classified as polar covalent bonds including third row elements like S and P.[65, 135,149]

The density of 0.5 e/Å3 at the BCP of the dative Si − N bond (1.9661(3) Å) is extremely

low. This is only half the amount found for shorter Si− N bonds (e.g. in [c−Me2SiN(H)]4,

dav. = 1.725(5) Å)9. Apart from the distance this value hints towards the different bonding

situation along the Si−N vector in 5.

The Laplacian, the algebraic sum of the three principal curvatures λ1, λ2 and λ3 of ρ(r),

is the appropriate tool for localizing and characterizing regions of local charge concentration

and depletion. The nature of the atomic interaction depends on the dominant curvatures.

Shared interactions (covalent bonds) are dominated by the negative curvatures (λ1, λ2);

charge is concentrated in the internuclear region. This charge concentration is reflected by

a large value of ρ(r) and by a negative value of the Laplacian ∇2ρ(r). For closed shell

interactions (ionic bonds), the positive curvature λ3 is dominant; charge is depleted at the

BCPs as a result of the contraction of ρ(r) towards each nucleus and the spatial distribution

of the Laplacian is predominantly atom-like. This charge depletion is characterized by a

low value of ρ(r) and by a positive value of ∇2ρ(r).[150] The Laplacian distribution of the

atoms bonded to silicon, depicted in Figure 3.14, shows an almost spherical distribution

around O and F atoms, almost identical for experiment and theory. The spatial distribution

of the Laplacian in the N1 − Si − N1A plane depicts small differences between theory and

experiment. The deformation of the lone-pair towards the silicon atom is more pronounced

in the Laplacian distribution of the theoretical results, caused by a more significant charge

transfer from the silicon to the nitrogen atom. This is in tune with the more prominent charge

differences in the AIM model from theory (∆charge Si, N 3.98 e) compared to the experiment

(3.56 e). Both deformations of the lone-pair charge concentration around the nitrogen atom

indicate polarization towards the silicon atom. This polarization can directly be scaled to

9Topological properties of the Si − N bonds in 1,1,2,2,3,3,4,4-octamethylcyclotetrasilazane [c − Me2Si −
N(H)]4 after multipole refinement (preliminary values, averaged over all Si − N bonds of the molecule, are

presented): ρ(rBCP) = 0.987(56) e/Å
3
; ∇2ρ(rBCP) = 8.1136(566) e/Å

5
; distance of N atoms from BCP:

0.9984(53)Å; distance of Si atoms from BCP: 0.7270(49)Å; Kocher, N.; Stalke, D., to be published.
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3.2 Si− E (E = N, O, F) Bonding in a Hexacoordinated Silicon Complex 103

the electro-negativities: the lower the EN is, the more the deformation is pronounced. While

it is significant for the nitrogen atom (Figure 3.14b, d) it is only marginally for the oxygen

atoms and for the fluorine atoms it is virtually not detected. Figure 3.14 visualizes this

gradual decay in the experiment, which is even more emphasized in theory.

In a detailed study of dative bonds, based on theoretical data, Jonas et al. demonstrated

that all dative N → E′ (E′ = B,Al) bonds with characteristic deformations of the charge

concentrations toward the acceptor atom revealed significant covalent contribution10. As

the position of the BCP is vital and the values differ with slight variations of the position,

the Laplacian is monitored along the whole bond path (see Figure 3.15).[152] The Laplacian

values at the BCPs for the three different Si − E bonds are all positive with the maxi-

mum at the Si − F bond of ∇2ρ(rBCP)exp = 13.472, ∇2ρ(rBCP)theo = 18.200, followed by

the Si − O and Si − N bonds, which assume almost the same values in the experiment

∇2ρ(rBCP)exp = 7.373, ∇2ρ(rBCP)exp = 7.755, while the values from theory differ consider-

ably ∇2ρ(rBCP)theo = 10.905, ∇2ρ(rBCP)theo = 4.385. The theoretical values increase in the

order of electronegativity of the bonding partners. From Figure 3.15 it is obvious that the

Fig. 3.15: Experimental (left) and theoretical (right) Laplacian values along the Si−E (E = N,O,F)

bond paths.

Laplacian along the Si−N bond path is positive at any point in the silicon basin indicating

charge depletion in a sphere with a radius considerably larger than the distance between Si

and the BCP. The situation along the Si − F and Si − O bond path is similar: experiment

and theory reveal positive values at the BCP and in the entire bonding region with a more

10Jonas et al. found values of ρ(r) between 0.08 e/Å
3

and 0.73 e/Å
3

for dative bonds with nitrogen donors

and positive Laplacians for all these bonds as reported in ref [151].
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104 Chapter 3 Applications to formally hypervalent chemical systems

positive Laplacian for the Si − F bond at each point. Close to the more electronegative

atom, the Laplacian changes rapidly due to charge concentrations. Despite almost the same

experimental values at the BCP for the Si − N and Si − O bond, the Si − N bond shows a

different Laplacian distribution in the basin of the nitrogen atom. The Laplacian is close to

zero in a long range of the bonding region particularly for theoretical values..

a b

c d

Fig. 3.16: Experimental critical points in the density (3,-1) and in the Laplacian distribution (3,+3)

in proximity to the donating nitrogen atoms. (a): Critical points around the donating nitrogen

atoms; valence shell charge concentrations (VSCCs) in ∇2ρ(r) are marked in red; BCPs in gray,

respectively. (b)-(d): Isosurface maps at constant ∇2ρ(r) values indicating bonded and nonbonded

charge concentrations around the displayed atoms; (b) N1, −∇2ρ(r) = 48 e/Å
5
; (c) O, −∇2ρ(r) = 92

e/Å
5
; (d) F, −∇2ρ(r) = 180 e/Å

5
.

Moreover, intensive searches for (3;-3) critical points in the spatial distribution of

−∇2ρ(r) were carried out from the experimental and theoretical data to localize and quantify
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3.2 Si− E (E = N, O, F) Bonding in a Hexacoordinated Silicon Complex 105

maximum charge concentrations in the bonding and nonbonding regions in the valence shell

of an atom; these areas are so-called valence shell charge concentrations (VSCCs). With this

procedure, information is gained about the Laplacian distribution apart from the bonding

regions. Inspection of the VSCCs around the electronegative atoms in the coordination

sphere of the Si atom led to interesting results (Figure 3.16). Around the donating N atom a

sharp maximum is located on the bonding vector directed towards the silicon atom. The lone

pairs of the fluorine atom tend to couple from two sides towards the silicon bonding vector

(Figure 3.16d) indicating redistribution of charge in the Si−F bond and thus explaining the

rather high value of ρ(r) at the BCP for this bond.[153]

The banana shaped VSCC of the oxygen atom encloses the maxima of the lone pair

region (Figure 3.16c); due to the rather diffuse shape of this VSCC the exact maxima of

the expected two lone pairs could not be deconvoluted, neither in the experiment nor in

theory11. However, the situation around the oxygen atom is special because the bond lengths

in addition to the electron density and the Laplacian distributions indicate a delocalization

of charge towards the neighboring carbon atom.

The Electron Localization Function (ELF)[7] provides also a possibility of partitioning

real space into chemically meaningfull domains. Its localization domains are classified as

monosynaptic and disynaptic valence basins depending on whether the basin makes contact

to only one or two nuclei. The latter ones are associated with bond basins. If there is

only one contact, it is further distinguished between core basins and monosynaptic valence

basins. These are associated with lone-pair domains. Integration of the charge density over

basins yields the population of the respective domain. The ELF isosurface plots in Figure

3.17 (η = 0.85) are in perfect agreement with the experimental and theoretical Laplacian

distributions as depicted in Figure 3.14: The increasing polarization of the F, O and N atoms

towards the silicon atom can directly be observed in the isosurface plots of the ELF. The

donating lone-pair of the nitrogen atom appears as axial (Si ← N axis) symmetric basin,

obviously localized closer to the nitrogen atom than to the silicon atom. The oxygen atom

reveals a smaller basin in the bonding region. Finally, between the fluor- and the silicon

11We do not distinguish between non bonding pairs and lone pairs as suggested by Chesnut et al. in ref

[153]. Electron pairs and charge concentrations not located on or close to a bonding vector are termed lone

pairs and non bonding charge concentrations, respectively.
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106 Chapter 3 Applications to formally hypervalent chemical systems

atom, there is no basin visible at this level of the ELF. Nevertheless it is existing and is

populated with about 1.12 electrons (see Table 3.4) which is small compared to 2 electrons

which would be expected for a standard single bond.

As introduced by Jansen, et al.[154] the localization domains can be split into atomic

contributions by using the definition of an atom in a molecule according to Bader.[154] They

found the following percentage contributions to the bonds of HF, HCl, HBr: 81% (F), 57

% (Cl), 48 % (Br), respectively, and 57 % from the N center in the N − C bond of FCN

and 81 % from the F center in the F − C bond of FCN.[154] In the present system, 0.95

electrons in the bond basin of the Si−F bond of 5 belong to the fluor atom, the silicon atom

is contributing 0.16 electrons only. This is a clear hint towards highly ionic bonding modes.

The Si − O bond is weakly populated with 1.77 electrons, 1.58 electrons of which belong

to the oxygen atom. Finally, there are 2.37 electrons found in the Si− N disynaptic basin,

with the nitrogen atom contributing more than 2 electrons. From homo atomic covalent

bonding, the contributions of the bonding partners would be on a par. Thus, from the

extreme disequilibrium of contributed electrons in the bond basins of all bonding partners of

the silicon atom, it has to be concluded, that the bonds are highly ionic. This high ionicity

of the bonds is also reflected in the distinct AIM charges, which are to be discussed later.

Fig. 3.17: ELF Isosurface representation (η = 0.85) of 5. Carbon atoms are in dark gray, nitrogen

atom core basins are marked blue, the oxygen atomic cores are marked red and the core of the silicon

atom is marked turquoise. Left: Surface of constant value of ELF(η = 0.85) in the asymmetric unit

of 5, hydrogen atoms are omitted for clarity. Right: The central silicon core and its adjacency. For

more information see the text and Table 3.4.
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Tab. 3.4: Population of disynaptic ELF basins of Si− E, (E = N,O,F) in 5 and contributions from

bonding partners.

Si− E N̄[V(Si,E)]a Sib Si%c Eb E%c Q(E)

Si− F 1.12 0.16 14 0.95 85 -0.82

Si−O 1.77 0.18 10 1.58 89 -1.25

Si−N 2.37 0.18 8 2.18 92 -0.85
a Integration of the charge density over the disynaptic valence basin. b Contribution to the

disynaptic valence basin from the respective atom in [e], separation according to Bader.
c Percentage contribution from the respective atoms. Q(E) denotes the atomic Bader charge

of atom E.

Local concentrations and depletions of the electrons in the internuclear space are con-

nected with the features of the electronic energy distribution via the local form of the virial

theorem.[155] It describes an exact relationship between the second derivative of the electron

density, ∇2ρ(r), the electronic kinetic energy density (G(r))[156] and the electronic potential

energy density (V (r)). The total electronic energy densityH(r) with H(r) = G(r)+V (r)[157]

provides a straight criterion for the classification of the atomic interaction: H(rBCP) < 0

is observed in shared-type (covalent) atomic interactions, while H(rBCP) ≥ 0 is observed

in purely closed-shell (ionic) interactions.[151,158,159] Typical values of H(rBCP) for covalent

single bonds cluster around -0.35.[158] Moreover, the ratio G(rBCP)/ρ(rBCP) hints to the

nature of the interactions between two atoms. The ratio G(rBCP)/ρ(rBCP) should be less

than unity for a shared interaction (covalent bond) and greater than unity for a closed shell

(ionic) interaction. All Si− E bonds in 5 have a total electronic energy density at the BCP

close to zero. The electronic energy density of the Si− N bond, derived from experimental

data, equals zero, those for Si − F and Si − O are slightly negative. Although the defor-

mation of the charge concentration at the donating nitrogen atom towards the silicon atom

suggests at first sight highly negative values for H(rBCP) as reported by Jonas et al.,[151] the

electronic energy density is practically zero at the BCP of the N→ Si bond. For the Si− F

and the Si − O bond the energy H(rBCP) is slightly negative, in toto indicating absolute

ionic domination in the Si − N bond and predominant ionic character with small covalent

contributions for Si − F and Si − O (Table 3.3). The theoretical H(rBCP) values are more
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108 Chapter 3 Applications to formally hypervalent chemical systems

alike for the three different bonds. Those of the Si−O and the Si−F bond are less negative

compared to experimental values, the electronic energy density of the Si−N bond is slightly

more negative, also leading to ionic domination for all three Si−E bonds. The values for the

ratio G(rBCP)/ρ(rBCP) are all above or close to unity. The Si − F bond shows the highest

ratio in the experimental and theoretical model.

The ratio of |λ1|/λ3 at the BCP is an additional tool to classify a bond.[40] For ionic

bonds (closed shell interaction) this quotient should be below 1 because of the large value

of λ3; in addition the values for λ1 and λ2 are small compared to those in a bond with

shared interaction. Values of 0.26 (0.17), 0.29 (0.20) and 0.20 (0.27) (theoretical values in

brackets) for the Si − F, Si − O and Si − N bonds, respectively, affirm the findings in the

Laplacian. Please note the order of increasing values with decreasing electronegativity of the

ligands in the theoretical values. From the experimental data the ratio for the dative N→ Si

bond underlines mostly the domination of λ3 at the BCP and thus a local charge depletion.

In contrast, the results from theory assign the lowest ratio to the Si − F bond. A reliable

atomic charge can be derived from the integration of the electron density over the atomic

basin. These basins are the result of a partitioning of a molecule into atomic regions with

boundaries according to Bader’s AIM theory. The integrations of the atomic basins result

in a highly positive silicon atom and negative charges for fluorine, oxygen and nitrogen, re-

spectively (Table 3.3). The AIM charges from theory are marginally more negative for each

atom E (E = N,O,F). Therefore the charge of the atom in the center of these six atoms

is even more positive.Also from the NBO calculation a considerable positive charge at the

silicon atom can be deduced (Si: +2.27; N: -0.43; O: -0.81; F: -0.66 e). The NBO charge of

higher than +2 unequivocally proves that the canonical forms b and c depicted in Figure

3.18 contribute mostly to explain the bonding in 5. Thus, valence expansion to more than

eight electrons at the silicon atom has definitely to be excluded.

3.2.5 Conclusion

Considering all electronic features determined from the analyses of experimental and theoret-

ical data it must be concluded that the silicon atom in 5 definitely is not hypervalent. Two
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a nochabisserlmehrplatzjo b nochabisserlmehrplatzjojoc

Fig. 3.18: Lewis structures of 5; theoretical charges in electrons from NBO analysis: Si: +2.27; N:

-0.43; O: -0.81; F: -0.66 e.

different kinds of bonds around the hexacoordinated center are present. The Si− N bonds

in 5 clearly are dative bonds with completely different properties than shorter non-dative

Si−N bonds. The question of whether dative bonds have to be classified as covalent or ionic

remains controversial. However, almost all properties in 5, derived from both experiment

and theory, suggest ionic domination and it is just the deformation of the lone pair charge

concentration that might introduce a notable covalent contribution. The four remaining

Si−E, (E = O, F ) bonds indicate predominant ionic contributions and just a small covalent

augmentation. The slightly negative electronic energy density and the amount of electron

density at the BCP support covalent contributions, while the positive Laplacian in the entire

bonding region, an atomic like Laplacian distribution, and the ratio |λ1|/λ3 smaller than 0.3

suggests ionic domination. The topological properties at the BCPs of the Si−E bonds as well

as the calculated energy densities and the AIM charges derived from experiment and theory

are in very good agreement. The consistency of the Laplacian distribution in the planes of

the ligands, a property not limited to one single point but visualizing the charge distribution

around the central atom, is evident. Both analyses underline the dominating ionic character

of these bonds. Together with the NBO charge definitely higher than +2 for the silicon

atom all the electronic properties emphasize the dominance of the Lewis structures b and c

in Figure 3.18 to the appropriate bond description, and the covalent contribution obviously

is much lower than commonly anticipated.
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Chapter 4

Summary

The nature of the chemical bond is a topic under constant debate. What is known about

individual molecular properties and functional groups is often taught and rationalized by

explaining Lewis structures, which, in turn, make extensive use of the valence concept.

The valence concept distinguishes between electrons, which do not participate in chemical

interactions (core electrons) and those, which do (single, double, triple bonds, lone-pair

electrons, etc.). Additionally, individual electrons are assigned to atomic centers. The valence

concept is of paramount success: It allows the successful planning of chemical syntheses and

analyses, it explains the behavior of individual functional groups, and, moreover, it provides

the “language” to think of and talk about molecular structure and chemical interactions.

The resounding success of the valence concept may be misleading to forget its approximative

character.

On the other hand, quantum mechanics provide in principle a quantitative description

of all chemical phenomena, but there is no discrimination between electrons in quantum

mechanics. From the quantum mechanical point of view there are only indistinguishable

electrons in the field of the nuclei, i.e., it is impossible to assign a given electron to a

particular center or to ascribe a particular purpose to individual electrons. The concept

of indistinguishability of micro particles is founded on the Heisenberg uncertainty relation,

which states, that wavepackets diverge in the 6N dimensional phase space, such that indi-

vidual trajectories can not be identified. Hence it is a deep-rooted and approved physical
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concept.

As an introduction to the present work density partitioning schemes were discussed,

which divide the total molecular density into chemically meaningful areas. These partitioning

schemes are intimately related to either the concepts of bound atoms in a molecule (as in

the Atoms In Molecules theory (AIM) according to Bader or as in the Hirshfeld partitioning

scheme) or to the concept of chemical structure in the sense of Lewis structures, which divide

the total molecular density into core and valence density, where the valence density is split

up again into bonding and non-bonding electron densities. Examples are early and recent

loge theories, the topological analysis by means of the Electron Localization Function (ELF),

and the Natural Bond Orbital (NBO) approach. Of these partitioning schemes, the theories

according to Bader (AIM), to Becke and Edgecomb (ELF) and according to Weinhold (NBO

and Natural Resonance Theory, NRT), respectively, were reviewed in detail critically. Points

of criticism were explicated for each of the mentioned theories.

Since theoretically derived electron densities are to be compared to experimentally

derived densities, a brief introduction into the theory of X-ray diffraction experiments was

given and the multipole formalism was introduced. The procedure of density refinement

was briefly discussed. Various suggestions for improvements were developed: One strategy

would be the employment of model parameters, which are to a maximum degree mutually

orthogonal, with the object of minimizing correlations among the model parameters, e.g., to

introduce nodal planes into the radial functions of the multipole model.

A further suggestion involves the guidance of the iterative refinement procedure by an

extremum principle, which states, that when different solutions to the least squares mini-

mization problem are available with about the same statistical measures of quality and with

about the same residual density, then the solution is to prefer, which yields a minimum

density at the bond critical point (BCP) and a maximum polarity in terms of the ratio of

distances between the BCP and the nuclei. This suggestion is based on the well known fact,

that the bond polarity (in terms of the ratio of distances between the BCP and the respective

nuclei) is underestimated in the experiment.

Another suggestion for including physical constraints is the explicit consideration of

the virial theorem, e.g., by evaluating the integration of the Laplacian over the entire atomic
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basins and comparing this value to zero and to the value obtained from the integration of

the electron gradient field over the atomic surface.

The next suggestion was to explicitly use the electrostatic theorem of Feynman (often

also denoted as Hellmann-Feynman theorem), which states, that the forces onto the nuclei

can be calculated from the purely classical electrostatic forces of the electron distribution

and the nuclei distribution. For a stationary system, these forces must add to zero. This

also provides an internal quality criterion of the density model. This can be performed in an

iterative way during the refinement procedure or as a test of the final result. The use of the

electrostatic theorem is expected to reduce significantly correlations among static density

parameters and parameters describing vibrations, since it is a valuable tool to discriminate

between physically reasonable and artificial static electron densities. All of these mentioned

suggestions can be applied as internal quality criteria.

The last suggestion is based on the idea to initiate the experimental refinement with a

set of model parameters, which is, as much as possible close to the final solution. This can be

achieved by performing periodic boundary conditions calculations, from which theoretically

created files are obtained, which contain the Miller indices (h, k, l) and the respective intensity

I. This file is used for a model parameter estimation (refinement), which excludes vibrations.

The resulting parameters can be used for the experimental refinement, where, in a first step,

the density parameters are fixed to determine the parameters describing vibrations. For a

fine tuning, again the electrostatic theorem and the other above mentioned suggestions could

be applied.

Theoretical predictions should not be biased by the method of computation. There-

fore the dependence of the density analyzing tools on the level of calculation (method of

calculation/basis set) and on the substituents in complex chemical bonding situations were

evaluated in the second part of the present work. A number of compounds containing formal

single and double sulfur nitrogen bonds was investigated. For these compounds, experi-

mental data were also available. The calculated data were compared internally and with

the experimental results. The internal comparison was drawn with regard to questions of

convergency as well as with regard to questions of consistency:

The resulting molecular properties from NBO/NRT analyses were found to be very
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stable, when the geometries were optimized at the respective level of theory. This stability

is valid for variations in the methods of calculation as well as for variations in the basis

set. Only the individual resonance weights of the contributing Natural Lewis Structures

differed considerably depending on the level of calculation and depending on the substituents.

However, the deviations were in both cases to a large extent within a limit which preserves

the descending order of the leading resonance structure weights. The resulting bond orders,

i.e., the total, covalent and ionic bond order from NRT calculations, were not affected by

the shift in the resonance weights.

The analysis of the bond topological parameters resulted in a discrimination between

insensitive parameters and sensitive parameters. The stable parameters do neither depend

strongly on the method of calculation nor on the basis set. Only minor variation occurs in the

numerical values of these parameters, when the level of calculation is changed or even when

other functional groups (H,Me, or tBu) are employed, as long as the methods of calculation

do not drop considerably below a standard level. The bond descriptors of the sulfur nitrogen

bonds were found to be also stable with respect to the functional groups R = H, R = Me,

and R = tBu. Stable parameters are the bond distance d, the density at the bond critical

point ρ(rBCP) and the ratio of distances between the BCP and the nuclei A and B, d(A)
d(B) ,

which varies clearly when considering the formal bond type. For very small basis sets like

the 3-21G basis set, this characteristic stability collapses.

The sensitive parameters are based on the second derivatives of the density with re-

spect to the coordinates (∇2ρ, λ1, λ2, and λ3). This is in accordance with the well known

fact, that the total second derivative of the density with respect to the coordinates is a

strongly oscillating function with positive as well as negative values. A profound deviation

has to be anticipated as a consequence of strong oscillations. λ3, which describes the local

charge depletion in the direction of the interaction line, is the most varying parameter. A

detailed analysis revealed that the position of the BCP in the rampant edge of the Laplacian

distribution is responsible for the sensitivity of the numerical value of λ3 in formal double

bonds. Since the slope of the Laplacian assumes very high values in its rampant edge, a tiny

displacement of the BCP leads already to a considerable change in λ3. This instability is

not a failure of the underlying theory, but it yields de facto to a considerable dependence of
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sensitive bond topological properties on the method of calculation and on the applied basis

sets. Since the total second derivative is important to judge on the nature of the bond in

the AIM theory (closed shell interactions versus shared interactions), the changes in λ3 can

lead to differing chemical interpretations.

The comparison of theoretically derived bond topological properties of various sulfur

nitrogen bonds provides the possibility to measure the self consistency of this data set. All

data sets clearly exhibit a linear correlation between the bond distances and the density at

the BCP on one hand and between the bond distances and the Laplacian values at the BCP

on the other hand. These correlations were almost independent of the basis set size. In this

context, the linear regression has to be regarded exclusively as a descriptive statistics tool.

There is no correlation anticipated a priori.

The formal bond type was found to be readily deducible from the theoretically obtained

bond topological descriptors of the model systems. In this sense, the bond topological prop-

erties are self consistent despite of the numerical sensitivity of the derivatives, as exemplified

above.

Often, calculations are performed with the experimentally derived equilibrium geome-

tries and not with optimized ones. Applying this approach, the computationally costly

geometry optimizations are saved. Following this approach the bond topological properties

were calculated using very flexible basis sets and employing the fixed experimental geometry

(which, of course, includes the application of tBu groups). Regression coefficients similar

to those from optimized geometries were obtained for correlations between bond distances

and the densities at the BCP as well as for the correlation between bond distances and the

Laplacian at the BCP, i.e. the approach is valid. However, the data points scattered less

and the coefficient of correlation was clearly increased when geometry optimizations were

performed beforehand.

The comparison between data obtained from theory and experiment revealed funda-

mental discrepancies: In the data set of bond topological parameters from the experiment,

the behavior of only 2 out of 3 insensitive parameters was comparable to the behavior of

the theoretically obtained values, i.e. theoretical and experimental bond distances as well

as theoretical and experimental densities at the BCP correlate. From the theoretically ob-
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tained data it was easy to deduce the formal bond type from the position of the BCP, since it

changed in a systematic manner. The respective experimentally obtained values were almost

constant and did not change systematically. For the SN bonds containing compounds, the

total second derivative assumes exclusively negative values in the experiment. Due to the

different internal behavior, experimentally and theoretically sensitive bond topological values

could not be compared directly. The qualitative agreement in the Laplacian distribution,

however, was excellent.

In the third and last part of this work, the application to chemical systems follows.

Formal hypervalent molecules, i.e. molecules where some atoms are considered to hold more

than 8 electrons in their valence shell, were investigated. These were compounds containing

sulfur nitrogen bonds (H(NtBu)2SMe, H2C{S(NtBu)2(NHtBu)}2, S(NtBu)2 and S(NtBu)3)

and a highly coordinated silicon compound. The set of sulfur nitrogen compounds also

contained a textbook example for valence expansion, the sulfur triimide. For these molecules,

experimental reference values were available from high resolution X-ray experiments. The

experimental results were in the case of the sulfur triimide not unique. Furthermore, from

the experimental bond topological data no definite conclusion about the formal bonding

type could be drawn. The situation of sulfur nitrogen bonds in the above mentioned set

of molecules was analyzed in terms of a geometry discussion and by means of a topological

analysis.

The methyl-substituted isolated molecules served as model compounds. For the in-

terpretation of the bonding situation additional NBO/NRT calculations were preformed for

the sulfur nitrogen compounds and an ELF calculation and analysis was performed for the

silicon compound. The ELF analysis included not only the presentation and discussion of

the ELF-isosurfaces (η = 0.85), but also the investigation of populations of disynaptic va-

lence basins and the percentage contributions to these populations of the individual atoms

when the disynaptic valence basins are split into atomic contributions according to Bader’s

partitioning scheme.

The question of chemical interest was whether hypervalency is present in the set of

molecules or not. In the first case the octet rule would be violated, in the second case

Pauling’s verdict would be violated. While the concept of hypervalency is well established
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in chemistry, the violation of Pauling’s verdict is not. The quantitative numbers of the

sensitive bond topological values from theory and experiment were not comparable, since no

systematic relationship between the experimentally and theoretically determined sensitive

bond descriptors was found. However, the insensitive parameters are in good agreement and

the qualitative Laplacian distribution is, with few exceptions, in excellent agreement. The

formal bonding type was deduced from experimental and theoretical topological data by

considering the number and shape of valence shell charge concentrations in proximity to the

sulfur and nitrogen centers. The results from NBO/NRT calculations confirmed the findings.

All employed density analyzing tools AIM, ELF and NBO/NRT coincided in describing the

bonding situation in the formally hypervalent molecules as highly polar. A comparison and

analysis of experimentally and theoretically derived electron densities led consistently to the

result, that regarding this set of molecules, hypervalency has to be excluded unequivocally.
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Chapter 5

Zusammenfassung

Die Natur der chemischen Bindung ist ein viel und häufig auch sehr kontrovers diskutiertes

Thema. In der Chemie werden Moleküleigenschaften und Eigenschaften funktionaler Grup-

pen oft anhand von Lewis-Strukturen rationalisiert. Lewis-Strukturen bauen auf dem Valenz-

konzept auf, welches besagt, dass man zwischen Elektronen unterscheiden kann, die an

chemischen Reaktionen nicht teilnehmen (Kernelektronen) und solchen, die sich z.B. als

bindende Elektronen oder als nicht-bindende Elektronen an chemischen Prozessen beteili-

gen. Zusätzlich ermöglicht das Valenzkonzept die Zuordnung individueller Elektronen zu

einzelnen atomaren Zentren im Moleül. Das Valenzkonzept ist sehr erfolgreich und überaus

praktisch. Es erlaubt die zuverlässige Planung von chemischen Synthesen und Analysen, mit

ihm lässt sich das charakteristische Verhalten funktioneller Gruppen erklären. Das Valenz-

konzept stellt eine Sprache bereit, in der es sich sehr gut über Molekülstrukturen und

chemische Wechselwirkungen nachdenken und kommunizieren lässt. Der überwältigende

Erfolg des Valenzkonzepts kann irrtümlich dazu verleiten dessen approximativen Charakter

zu vergessen.

In der Quantenmechanik hingegen, die eine physikalische Grundlage aller chemischen

Prozesse darstellt und die im Prinzip alle chemischen Phänomene quantitativ beschreiben

kann, gibt es keine Unterscheidungsmöglichkeit der Elektronen. Im Gegensatz zum Valenz-

konzept geht die Quantenmechanik von ununterscheidbaren Elektronen aus, die sich im Feld

der Kerne bewegen. Das bedeutet, dass es quantenmechanisch unmöglich ist individuelle
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Elektronen einzelnen Zentren oder bestimmten Aufgaben zuzuordnen. Die Ununterscheid-

barkeit von Mikroteilchen beruht letztendlich auf der Heisenbergschen Unschärferelation, die

besagt, dass Wellenpakete in einem 6N-dimensionalen Phasenraum (3N Ortskoordinaten und

3N Impulskoordinaten von N Teilchen) auseinanderlaufen, so dass im Gegensatz zur klass-

ischen Mechanik keine Teilchen anhand ihrer individuellen Bahnen verfolgt und identifiziert

werden können.

Im einleitenden ersten Teil der vorliegenden Arbeit wurden Analysemethoden vorge-

stellt, die die Partitionierung einer Gesamtelektronendichte in chemisch relevante Bereiche

erlauben. Sie sind eng verknüpft entweder mit dem Konzept des im Molekül gebunden-

en Atoms (Baders Atoms in Molecules, AIM und Hirshfelds Partitionierungsschema) oder

mit dem Konzept der chemischen Struktur im Sinne von Lewis-Strukturen, in denen die

Gesamtdichte in Kern- und Valenzdichte unterteilt ist und diese wiederum in Bindungs-

elektronendichte und nicht-bindende Elektronendichte. Beispiele hierfür sind frühe und auch

aktuelle Loge Theorien, die topologische Analyse der Electron Localization Function (ELF)

und die Natural Bond Orbital (NBO) Analyse. Aus den vorgestellten Partitionierungs-

schemata wurden die Theorien von Bader (AIM), Becke und Edgecomb (ELF) und Wein-

hold (NBO und Natural Resonance Theory, NRT) detaillierter vorgestellt und Kritikpunkte

erläutert.

Da in der vorliegenden Arbeit berechnete Elektronendichten mit experimentell be-

stimmten Elektonendichten verglichen werden, wurde eine kurze Einführung in Röntgenbeu-

gungsexperimente und in das Multipolmodell gegeben. Es folgte eine kurze Beschreibung

der Dichteverfeinerung und einige Verbesserungsorschläge: Eine mögliche Strategie mit dem

Ziel, Korrleationen zwischen den Modellparametern zu minimieren, ist die Verwendung

von Modellparametern, die zu einem maximalen Grade wechselseitig orthogonal sind. Ein

Beispiel hierfür sind die Radialfunktionen des Multipolmodells, die zu einem erheblichen

Teil denselben Raumbereich beschreiben, da sie keine Knotenflächen aufweisen. Mit der

Einführung von Knortenflächen werden Korrelationen zwischen einzelnen Multipolpopula-

tionen und Skalierungsfaktoren, sowie zwischen Schwingungen beschreibenden Parametern

und Parametern, die die statische Elektronendichteverteilung beschreiben verringert.

Ein weiterer Vorschlag beruht auf der Anwendung eines Extremalprinzips. Dieses tritt
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in Kraft, wenn es zu dem Kleinst-Quadrate Minimierungsproblem verschiedene Lösungen

gibt, die sich anhand ihrer statistischen Gütemaße und ihrer Residualdichten nicht wesentlich

unterscheiden. Das Extremalprinzip besagt, dass diejenige Lösung zu bevorzugen ist, die die

kleinsten Dichtewerte am bindungskritischen Punkt ausfweist und die zugleich am stärksten

polar ist. Die Polarität der Bindung wird in diesem Zusammenhang durch das Verhältnis der

Abstände vom bindungskritschen Punkt zu den Kernorten ausgedrückt. Dieser Vorschlag

beruht auf der bekannten Tatsache, dass experimentelle Ergebnisse eine Tendenz zum Un-

terschätzen der Bindungspolarität aufweisen.

Eine weitere Möglichkeit zur Berücksichtigung physikalischer Randbedingungen ist die

explizite Einbindung des Virialtheorems, d.h., die Integration der zweiten Ortsableitung

über das atomare Bassin und die Integration des Elektronendichtegradienten auf der das

Bader-Atom begrenzenden Fläche müssen beide identisch verschwinden. Die Abweichung

voneinander und vom Wert Null kann als internes Gütekriterium des Dichtemodells dienen.

Ein weiterer Vorschlag involviert das elektrostatische Theorem von Feynman, das

oft auch Hellmann-Feynman Theorem genannt wird. Es besagt, dass die elektrostatischen

Kräfte, die auf die Kerne im Molekül wirken ganz einfach klassisch berechnet werden dürfen

und für eine stabile Born-Oppenheimer-Konfiguration der Kerne identisch verschwinden.

Hiermit ergibt sich eine einfache Möglichkeit, eine gegebene statische Kern- und Elektronen-

dichteverteilung auf ihre physikalische Plausibilität hin zu untersuchen. Dies kann iterativ

im Verfeinerungsprozess geschehen oder als Test des finalen Modells. Darüberhinaus darf

man von der Verwendung des elektrostatischen Theorems eine weitgehende Entkopplung

von dichte- und schwingungsbeschreibenden Parametern erwarten, da im elektrostatischen

Theorem statische Gleichgewichtsverteilungen vorausgesetzt wurden.

Weiterhin könnten als Startwerte für die experimentelle Verfeinerung Modellpara-

meter verwendet werden, die schon so nah wie möglich an der Lösung des Kleinst-Quadrate

Problems liegen. Das wird erreicht, indem mit Berechnungen, die periodische Randbedingung-

en berücksichtigen, ein h, k, l, I-File erzeugt wird (also Reflexindizierung und Intensitäten),

welches als Grundlage einer konventionellen hochauflösenden Verfeinerung verwendet wird.

Der Vorteil dieses Files ist, dass es weder von Schwingungen noch von Rauschen berührt wird.

Die resultierenden Modellparameter werden dann zur Verfeinerung eines Modells aufgrund

121



122 Chapter 5 Zusammenfassung

der experimentellen h, k, l, I-Daten verwendet, wobei im ersten Schritt nur schwingungs-

beschreibende Terme verfeinert werden. Wenn das Ergebnis noch nicht zufriedenstellend

ist, können die oben genannten Verbesserungsvorschläge zur Feinabstimmung herangezogen

werden.

Im zweiten Teil der Arbeit wurde im Rahmen einer Evaluierungstudie die Methoden-,

Basissatz-, und Substituentenabhängigkeit ausgewählter Analysewerkzeuge in der Beschrei-

bung komplexer chemischer Bindungen untersucht. Als Testsysteme dienten eine Reihe von

Schwefel Stickstoffverbindungen mit formalen Einfach- und Doppelbindungen, die zudem

inter- und intramolekulare Wasserstoffbrückenbindungen ausbilden. Für diese Testsysteme

liegen experimentelle Vergleichswerte vor. Die berechneten Daten wurden sowohl miteinan-

der als auch mit den experimentell bestimmten Werten verglichen. Der interne Vergleich

wurde sowohl im Hinblick auf Konvergenz- als auch auf Konsistenzfragen gezogen.

Die berechneten Eigenschaften aus der NBO/NRT Analyse sind für auf dem jewei-

ligen Berechnungsniveau optimierte Molekülgeometrien generell sehr stabil, sowohl was die

Basissatz- als auch die Methodenabhängigkeit betrifft. Eine Ausnahme sind die Resonanz-

gewichte der natürlichen Lewis-Strukturen aus NRT Rechnungen. Die numerischen Werte

der Resonanzstrukturen zeigten zum Teil erheblich unterschiedliche Werte. Die Schwankung-

en sind jedoch weitgehend innerhalb der Grenze, die eine Vertauschung in der Reihenfolge der

führenden Gewichte ausschließt. Die Bindungseigenschaften, wie z.B. die totale, kovalente

und ionische Bindungsordnung sind von den Gewichtungsunterschieden nicht betroffen.

Die Analyse der bindungstopologischen Daten führte zu einer Unterscheidung zwi-

schen stabilen und sensitiven Parametern. Die stabilen Parameter sind in erster Näherung

methoden- und basissatzunempfindlich. Sie variieren wenig, wenn Basissätze und Rechen-

methoden gewechselt werden oder wenn bei der Berechnung unterschiedliche Substituenten

verwendet werden, solange die verwendeten Methoden ein Standard-Niveau nicht unterschei-

den. Mit Bezug auf die verschiedenen Substituenten R = H, Me und R = tBu haben sich

die die Schwefel Stickstoffbindungen beschreibenden Parameter als unempfindlich heraus-

gestellt. Die stabilen Parameter sind die Bindungslänge d, die Dichte am bindungskritischen

Punkt ρ(rBCP) und das Verhältnis der Abstände des bindungskritischen Punktes zu den

Kernen A und B der Bindungspartner d(A)
d(B) , welche auffällig mit dem formalen Bindungstyp
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korrelieren. Für sehr kleine Basissätze, wie z.B. den 3-21G Basissatz, ist die Stabilität der

Abstandsverhältnisse nicht mehr gegeben.

Die sensitiven Parameter beruhen auf der zweiten Ortsableitung (∇2ρ, λ1, λ2, λ3).

Dies ist im Einklang mit der Tatsache, dass die zweite Ortsableitung eine stark oszillierende

Funktion ist, weswegen für die zweite Ortsableitung größere numerische Schwankungen zu er-

warten sind. Der am stärksten veränderliche Parameter ist λ3. Eine genaue Analyse ergab,

dass die Sensitivität von λ3 in formalen Doppelbindungen auf die Lage des bindungskri-

tischen Punktes in einer steilen Flanke der zweiten Ortsableitung zurückzuführen ist. Da

die Steigung des Laplacewertes in der Flanke sehr groß wird, genügt schon eine winzige

Verschiebung des bindungskritischen Punktes, um erhebliche Veränderungen im Wert von

λ3 herbeizuführen. Diese Instabilität darf nicht zu Kritik an der Theorie führen, jedoch

verursacht sie de facto eine erhebliche Methoden- und Basissatzabhängigkeit der sensitiven

topologischen Parameter. Da innerhalb der AIM-Theorie das Vorzeichen des Laplacewertes

am bindungskritischen Punkt über die Natur der chemischen Wechselwirkung entscheidet

(“closed-shell interactions” versus “shared interactions”) kann diese Interpretation sich von

einem Berechnungsniveau zum anderen unterscheiden.

Der Vergleich bindungstopologischer Daten von unterschiedlichen Schwefel Stickstoff-

bindungen, bietet die Möglichkeit zur Überprüfung der Konsistenz des Datensatzes. Die

Datensätze zeigen eine lineare Korrelation zwischen den Bindungslängen und der jeweiligen

Dichte am bindungskritischen Punkt sowie zwischen den Bindungslängen und der totalen

zweiten Ableitung am bindungskritischen Punkt, nahezu unabhängig von der Güte der ver-

wendeten Basissätze. Die lineare Regression ist hierbei lediglich als einfachste Anwendung

deskriptiver Statistik zu betrachten und beinhaltet keine Modellbildung.

Die bindungstopologischen Daten aus den Modellrechnungen lassen im Allgemeinen

auf den zugrundeliegenden formalen Bindungstyp schließen. Es wurde festgestellt, dass die

bindungstopologischen Daten aus den Modellrechnungen in diesem Sinne konsistent sind,

trotz der oben genannten numerischen Instabilitäten der zweiten Ortsableitungen.

In der Fachliteratur wird oft von Rechnungen berichtet, die mit der festgehaltenen

experimentellen Gleichgewichtsgeometrie durchgeführt wurden, woduch die aufwendige Geo-

metrioptimierung umgangen werden kann. Dieser Annäherung folgend, wurden die bindungs-
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topologischen Eigenschaften der Schwefel Stickstoffverbindungen unter Benutzung von sehr

flexiblen Basissätzen und bei festgehaltener experimenteller Geometrie berechnet. Die Re-

gressionskoeffizienten betreffend die Korrelation zwischen Bindungsabstand und Dichte am

BCP sowie zwischen Bindungsabstand und Laplacewert am BCP waren denen von op-

timierten Geometrien sehr ähnlich, was die oben eingeführte Näherung rechtfertigt. Aller-

dings waren die Korrelationskoeffizienten bei gleichem Basissatz und bei gleicher Rechen-

methode im Fall von zuvor optimierten Geometrien deutlich erhöht.

Der Vergleich der Theoriewerte mit den experimentell erhaltenen Daten zeigt wesentli-

che Unterschiede zwischen beiden auf: Von den 3 stabilen Parametern aus der Analyse

der theoretisch bestimmten Bindungscharakteristika erscheinen nur 2 auch in den experi-

mentellen Daten als stabil, d.h., die theoretischen und experimentellen Bindungsabstände

sowie die theoretischen und experimentellen Dichten am bindungskritischen Punkt korre-

lieren jeweils miteinander. Aus den theoretischen Daten (Verhältnis der Bindungspfadlängen

vom bindungskritischen Punkt zu den Kernen der Bindungspartner) ließ sich der formale

Bindungstyp leicht erschließen, während die entsprechenden Werte in den experimentell er-

haltenen Daten keinen Rückschluss auf den formalen Bindungstyp erlaubten, da sie sich

nicht systematisch änderten. Die totale zweite Ortsableitung der Dichte nimmt in den ex-

perimentellen Daten der Schwefel Stickstoffverbindungen ausschließlich negative Werte an.

Durch diesen Unterschied im internen Verhalten der sensitiven Parameter am BCP konnte

kein systematischer Zusammenhang zwischen diesen experimentell und theoretisch erhal-

tenen Werten gefunden werden. Die qualitative Übereinstimmung in der Verteilung der

Laplacewerte war jedoch exzellent.

Im dritten Teil der vorliegenden Arbeit folgen die Anwendungen auf chemische Frage-

stellungen. Es wurden formal hypervalente Moleküle, d.h. Verbindungen, in welchen manche

Atome formal von mehr als 8 Valenzelektronen umgeben sind, untersucht. Es handelt sich um

eine Reihe von Schwefel Stickstoffverbindungen (H(NtBu)2SMe, H2C{S(NtBu)2(NHtBu)}2,
S(NtBu)2 und S(NtBu)3) und um eine Siliziumverbindung mit 6-fach koordiniertem Si.

Unter den untersuchten Schwefel Stickstoffverbindungen ist auch ein Lehrbuchbeispiel für

Valenzaufweitung, das Schwefeltriimid. Für diese Verbindungen lagen experimentelle Daten

aus einer hochauflösenden Multipolverfeinerung vor. Der experimentelle Befund war beson-
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ders im Hinblick auf das Schwefeltriimid nicht eindeutig. Weiterhin konnte, wie bereits oben

erwähnt von den bindungstopologischen Daten nicht auf den zugrundeliegenden formalen

Bindungstyp geschlossen werden. Die Bindungssituation der interessierenden Schwefel Stick-

stoffbindungen wurde zunächst anhand der Geometrie und dann aufgrund der topologischen

Eigenschaften der Elektronendichte diskutiert.

Die methylsubstituierten isolierten Moleküle dienten dabei als Modell. Zur Interpre-

tation der SN Bindungssituation wurden zusätzlich NBO/NRT Berechnungen durchgeführt

und für die hochkoordinierte Siliziumverbindung wurden zusätzlich ELF Berechnungen ange-

wendet. Die ELF Analyse umfasste nicht nur die Berechnung und Darstellung von ELF-

Isoflächen (η = 0.85), sondern auch die Berechnung und Aufteilung der Elektronenpopula-

tion der disynaptischen Valenzbassins, wobei zur Aufteilung das Partitionierungsschema von

Bader verwendet wurde.

Die chemisch relevante Fragestellung war dabei ob bei den betrachteten Molekülen

Hypervalenz vorliegt oder nicht. Im Falle vorliegender Hypervalenz wäre die Oktettregel

verletzt, wenn keine Hypervalenz vorliegen würde müssten formale Ladungen eingeführt

werden, was eine Verletzung des Verdiktes von Pauling darstellt. Wie oben beschrieben,

konnten die empfindlichen bindungstopologischen Werte von Theorie und Experiment nicht

direkt miteinander verglichen werden, da kein systematischer Zusammenhang zwischen ihnen

zu bestehen scheint. Die unempfindlichen Parameter waren jedoch in guter Übereinstimmung

und die qualitative Laplaceverteilung in den meisten Fällen exzellent. Der formale Bindungs-

typ wurde aus den experimentell und theoretisch zugänglichen Daten abgeleitet, indem die

Anzahl und Lage der Valenzschalen-Ladungskonzentrationen (Valence shell charge concen-

trations, VSCC) in der Umgebung der Schwefel und Stickstoffkerne beschrieben und ver-

glichen wurde. Die Berechnungen an den Modellsystemen bekräftigten den Befund. Alle

Methoden, die zur Analyse der Dichte herangezogen wurden, namentlich die AIM Theorie,

die ELF Analyse, die NBO und die NRT Berechnungen führten übereinstimmend zu dem

Ergebnis, dass die betreffenenden Bindungen als zu einem hohen Grad polar zu beschreiben

sind. Der Vergleich und die Analyse von theoretischen und experimentellen Dichten führte

damit gleichermaßen zu dem Ergebnis, dass Hypervalenz in dem betrachteten Satz von

Molekülen definitiv ausgeschlossen werden muss.
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Appendix A

The connection between Natural

Lewis Structures, Natural

Resonance concepts and common

Lewis structures

The NBO procedure yields polarized Natural Lewis Structures, in contrast to resonance

concepts, where the polarity of the bonds is explicitly constructed from the contributions

of resonating Lewis structures. To show the difference between these aproaches, the water

molecule was calculated at the B3LYP/6-311++G(d,p) level of theory, and a NBO analysis

was applied, which yielded an atomic charge of -0.92 at the oxygen atom. Different NRT

analyses were applied to the results from the optimization and NBO analysis, e.g. a “free”

NRT analysis, in which the software generates the resonance structures (Model 1 in Table

A.1). Further NRT analyzes (Models 2 - 7) were forced to use explicitly given sets of

resonance structures, each resonance structure forced to factor in is marked with an “X”

in Table A.1. The NRT software as implemented in Gaussian98 sometimes generates Lewis

Structures and their respective weights, that are not taken into the list of reference structures

explicitly. When this happens, a percentage weight of contribution is given in Table A.1

without a “X”. For example this is the case in the free NRT analysis (Model 1). The
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140
Appendix A The connection between Natural Lewis Structures, Natural Resonance

concepts and common Lewis structures

additionally invoked resonance structures would allow for a detailed balance of non polar

Lewis structures to add up to an arbitrary charge of the oxygen atom between +1 and -1.

Tab. A.1: Possibly contributing Lewis structures of H2O from B3LYP/6-311++G** calculations.

O

H H

O

H H

O

H H

O

H H

O

H H

a b c d e

1 — (100%)1 — — — —

2 X2 100% X 0.00% X 0.00% — —

3 X 99.99% — — X 0.005% X 0.005%

4 — (83.57%) — — X 8.21% X 8.21 %

5 X 99.99 % X X X X

6 — (45.10%) X 25.23% X 25.23% X 2.22% X 2.22%

7 — (30.85%) X 34.58% X 34.58 % — —

A free NRT calculation gives a weight of 100% to structure a. This clearly does not

reproduce the charge of the oxygen atom correctly, provided that NBO charges are restored

by non-polar Lewis structures (which is, of course, not the case). The structures b and c

would have to be added for a correct description of the formal atomic charges at the oxygen

and hydrogen atoms, respectively. Interestingly, adding Lewis structures b and c explicitly

into the NRT expansion does not change the weights, since structure a dominates very

strong (Model 2). Thus, choosing only b and c as explicit reference, the weights calculated

are as follows: 34.58% for each b and c and 30.85% for a (Model 7). Explicitly including

structures a, d and e (Model 3) yields the weights 99.99% and 0.01% for the latter two

together. Like before, the situation changes drastically when Lewis structure a is omitted

from the explicit tabel of reference (Model 4): Lewis structure a reappears, but with a

reduced weight of 83.57% and each of the structures d and e appears with as much as

8.21%. An NRT expansion with explicit reference to all 5 reference structures (Model 5)

yields 99.99% for structure a, structures b, c, d, e together yield the missing 0.01%. Again,
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like before, omitting structure a yields a drastically reduced weight of 45.10% (Model 6).

Lewis structures b and c follow with 25.23 % each, finally structures d and e with weights

2.22% each. The corresponding bond orders (total, covalent, ionic) are shown in the next

Table. Models 1, 2, 4 and 7 yield virtually identical results, thus explicitly showing the

Tab. A.2: Total, covalent and ionic bond orders for NRT calculations 1-7.

1 2 3 4 5 6 7

total 1.0000 1.0000 0.9179 0.9999 0.7255 0.6542 1.0000

covalent 0.5390 0.5390 0.3749 0.5389 0.3203 0.3084 0.5390

ionic 0.4610 0.4610 0.5430 0.4610 0.3992 0.3459 0.4609

nonlinear character of the NRT analysis, which allows multiple solutions. Models 3, 5 and

6 differ considerably from the other results. The dropping out of the most important Lewis

Structure a from the list of reference in Model 6 leads to a substantial reduction in its

weight and to the smallest bond orders. Model 3 and 5 coincide in giving 99.99% of the

eletron distribution in the molecule to Lewis Structure a. However, different distribution

of the missing 0.001 % has a drastic impact on the calculated bond orders, as can be seen

from comparing the numbers in Table A.2. Thus, the choise of explicitly included reference

structures has significant impact on the bond properties. Please note, that in all cases the

geometry and the calculated density are identical, only the interpretation is different. These

differences are not sensitive to the employed method, as calculations from the CISD and the

MP4SDQ approach showed (data not shown).
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Appendix A The connection between Natural Lewis Structures, Natural Resonance

concepts and common Lewis structures
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Appendix B

The electrostatic theorem of

Feynman

In 1939, Feynman published an article entitled “Forces in Molecules”. In this publication

a proof is given, that the expectation value of the derivative of the energy with respect to

any parameter λ is simply calculated by taking the expectation value of the Hamiltonian’s

derivative with respect to this parameter in a steady state quantum mechanical system.

Applied to the parametric dependence of the total molecular energy on the positions

of the nuclei in the framework of the Born Oppenheimer approximation, this leads to an

equation, where the resulting total force exerted on a nucleus is calculated by the electrostatic

forces of the other nuclei and the molecular electron distribution. This can easily be evaluated

for a given electronic distribution, e.g. from a high resolution X-ray diffraction experiment.

Thus, an easy consistency check is provided, which can be used to distinguish between

physically reasonable and “unphysical” solutions of the least squares minimization problem,

which must be solved in the refinement procedure.

Following Feynman: Let E be the energy expectation value of a given Hamiltonian,

which depends parametrically on λ:

E(λ) = 〈ψ|H|ψ〉 =
∫
ψ∗H(λ)ψ dv (B.1)

where the wavefunction ψ is the normalized solution to the Schrödinger equation:
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144 Appendix B The electrostatic theorem of Feynman

Hψ = Eψ (B.2)

and ∫
ψ∗ψ dv = 1 (B.3)

The calculation of the derivative of the energy with respect to the parameter λ, could

be done in two obviously differing ways:

fλ = −∂(E)
∂λ

, (B.4)

or

fλ = −
∫
ψ∗
∂H

∂λ
ψ dv. (B.5)

Feynman shows, that the definitions according to equations (B.4) and (B.5) are identical.

The proof is short: Taking the derivative yields

∂E

∂λ
=

∫
ψ∗
∂H

∂λ
ψ dv +

∫
∂ψ∗

∂λ
Hψ dv +

∫
ψ∗H

∂ψ

∂λ
dv. (B.6)

Since Hψ = Eψ and Hψ∗ = Eψ∗ according to assumption (B.2), equation (B.6) can

be rewritten:

∂E

∂λ
=

∫
ψ∗
∂H

∂λ
ψ dv +E

∫
∂ψ∗

∂λ
ψ dv +E

∫
∂ψ

∂λ
ψ∗ dv, (B.7)

which is equal to

∂E

∂λ
=

∫
ψ∗
∂H

∂λ
ψ dv + E

∂

∂λ

∫
ψ∗ψ dv, (B.8)

which, in turn, reduces to

∂E

∂λ
=

∫
ψ∗
∂H

∂λ
ψ dv (B.9)

when equation (B.3) is inserted into equation (B.8). q. e. d.
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After giving this proof, Feynman applies the derived formulas to the case, where the

potential of the Hamiltonian is constructed as usual from the sum of nuclei-nuclei inter-

actions, electron-nuclei interactions and electron-electron interactions and the parametric

dependence of the energy with respect to the positions of the nuclei is considered. This

yields the electrostatic theorem:

“ [...] Or finally, the force on a nucleus is the charge on that nucleus times the

electric field there due to all the electrons, plus the fields from the other nuclei.

This field is calculated classically from the charge distribution of each electron

and from the nuclei.”[34]
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Appendix C

Quantum Action Principle and

Principle of Stationary Action

Julian Schwinger shared the 1965 Nobel Prize for Physics with Feynman and Tomonaga

for his work on quantum electrodynamics. Schwinger’s formalism, the Quantum Action

Principle, is completely equivalent to the path integral formalism of Feynman and both are

of fundamental importance. From the Quantum Action Principle, the Schrödinger equation

can be deduced. In this chapter the basic ideas and equations are given without derivation.

It follows closely the notation in ref [160] . Let 〈q′, t1|q′, t2〉 be the time transformation

function or propagator, which connects the spatial wavefunction at time t1 with the spatial

wavefunction at time t2. This function completely determines the time evolution of the

quantum system. The Quantum Action Principle states, that the variation of this propagator

is equal to the variation of the integral of the Lagrange function:

δ〈q′, t1|q′′, t2〉 =
i

~
〈q′, t1|δW12|q′′, t2〉, (C.1)

with

W12 =
∫ t2

t1

L(t) dt, (C.2)

and, as usual, the Lagrangian is defined as the Legendre transformation of the Hamiltonian

with respect to q̇:

L =
∑
α

pαq̇α −H (C.3)
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Equation (C.1 ) depends for a given Hamiltonian only on the choice of initial and final states.

It can be derived from infinitesimal consecutive time displacements. The time evolution of

the system depends on the time evolution of the Lagrangian between times t1 and t2. W is

called the action operator. Let the Hamiltonian be given. Then only the initial and final

states are varied. The variation is symbolized by the Generators G, which are infinitesimal

Hermitian operators:

δ〈q′, t1| = i

~
〈q′, t1|G1, (C.4)

δ|q′′, t2〉 = − i
~
G2|q′′, t2〉. (C.5)

Inserting the last two equations into δ〈q′, t1|q′′, t2〉 yields

δ〈q′, t1|q′′, t2〉 =
i

~
〈q′, t1| (G1 −G2) |q′′, t2〉, (C.6)

from which is concluded by comparison with equation (C.1) that

δW12 = G1 −G2. (C.7)

Equation (C.7) states, that the variation of the action integral is stationary with respect

to variations of the variables at all times between t1 and t2, such that the variation involves

only the endpoints t1 and t2. This is called the Principle of Stationary Action.

For replacing G by the negative Hamiltonian times an infinitesimal time displacement,

Gt = −Hδt, the Heisenberg equation of motions and the Schrödinger equation are obtained.

For inserting the generator of infinitesimal q displacements, Gq =
∑

α pαδqα, the commutator

relations for qα, pβ and for pα, pβ are obtained.

148



LEBENSLAUF

PERSÖNLICHE DATEN

Name Julian Henn

Geburtsdatum 6.6.1972

Geburtsort Nürnberg

Adresse Kittelstr. 16

97074 Würzburg

SCHULBILDUNG

1978−1982 Grundschule Roßtal

1982−1983 Hauptschule Roßtal

1983−1993 Gymnasium; Abschluss: Abitur

STUDIUM

10/1993−10/2000 Studium der Physik an der Universität Würzburg

10/1996−10/2000 Studium der Philosophie im Nebenfach mit
Schwerpunkt Wissenschaftstheorie und

Erkenntnistheorie

08/1999−10/2000 Diplomarbeit im Arbeitskreis von
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