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ABSTRACT

Chemistry is concerned with understanding and predicting the interactions and properties

of matter. A valuable tool towards this goal is Density Functional Theory, which asserts that

all ground-state properties can be determined using the charge density alone. Conceptual

Density Functional Theory (CDFT) has given rigorous de�nitions for a variety of chemical

concepts such as electronegativity and chemical hardness,though use of these de�nitions

often requires knowledge of the system beyond just the ground-state charge density. Applied

Density Functional Theory (ADFT) seeks to extract these same chemical properties from

computed or experimental charge densities alone. ADFT also seeks to be \applied" by

making theses charge-density analyses accessible and useful to practicing chemists.

The �rst section of the thesis shows how ADFT is able to address problems currently

present within the theoretical community. Researchers aredeveloping conceptually based

models linking the structure and dynamics of molecular charge density to properties. Key

among these has been the discovery and description of the bond path and bond critical point

from the Quantum Theory of Atoms in Molecules (QTAIM). The discovery of bond paths

in systems not considered to be chemically bound | e.g. a H-H bond between adjacent

hydrogens in a di-benzene complex and He-C bonds in the He + adamantane inclusion

complex | seemed to pose a considerable challenge to analyzing bonding via topological

analysis of the charge density. Using extensions to QTAIM developed by the Molecular

Theory Group one can use a molecules ridges to de�ne a naturalsimplex over the charge

density. The resulting simplicial complex can be represented at various levels by its 0, 1, and

2-skeleton (dependent sets of points, lines, and surfaces). The geometry of these n-skeletons

retains critical information regarding the structure and stability of molecular systems while

greatly simplifying charge density analysis. Via the geometry of these n-skeletons one can

uncover the �ngerprints of instability and metastability i n the systems mentioned above: the
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di-benzene complex and He + adamantane inclusion complex.

The second section of the thesis investigates how \nearsighted" the charge density is and

the signi�cance of this nearsightedness. As has been demonstrated by Kohn and others, the

charge density is \nearsighted" in that beyond some distance R from a test point, r0, any

change to the external potential will only result in a small change in the change density at

r0 (� � (r0; R)). Two crucial questions are how large is R for a given systemand how small

of changes atr0 are small enough to be considered insigni�cant? To address this problem

organic functional groups are used as a model of how much the charge density can change

while still retaining a characteristic chemistry. The calculations presented below demonstrate

that for halogen substitution on oxygen-containing functional groups the overall magnitudes

of � � (r0; R) are all below 0.05{0.06 a.u. for the magnitude of charge at abond CP and 0.3

a.u. for the curvatures at a bond CP. The e�ective radius beyond which halogen substitution

no longer had a noticeable e�ect was on the order of two carbonbond-lengths (� 3�A). Values

for � � are shown to be robust across a variety of DFT functionals and provide a framework

for the transfer of the functional group concept other disciplines, such as metallurgy.

The �nal section demonstrates how the concepts of ADFT can be adapted in a way

that allows students to make use of the charge density. For instance, the chemical bond

concept is the foundation of the molecular sciences in general and ADFT speci�cally. As

such, helping students gain a clear physical representation of chemical bonding is necessary

for the progress of ADFT. Bond Explorer, an activity that utilizes the 3D plotting func-

tionality of Mathematica, is intended to provide a clear physical picture of electron sharing

among atoms | i.e. a physical picture of the chemical bond. The activity was designed

in accordance with the best practices of scienti�c teachingwith a focus on active learning

and peer-instruction. Through the course of the activity, students visualize the 3D charge

density using both fog and contour plots. Students then go onto describe the density di�er-

ences that characterize various bonding types, i.e. covalent, polar-covalent, and ionic. The

activity involves independent work at home prior to class toprovide exposure to the material
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prior to the in-class portion of the activity. In-class, a short review lecture is followed up

by group work where students identify key similarities and di�erences in the charge density

corresponding to various bond types. The in-class portion of the activity involves students

working on concept-focused open-ended questions in small groups, to better encourage peer-

instruction. Analysis of exam scores from the fall 2015 CHGN 121 revealed that students

who participated in the activity performed better on the �rst two exams following partic-

ipation in the activity (t-test at 95% con�dence). A short quiz focused on Bond Explorer

was administered before and after students participated inthe activity in the summer 2016

section of CHGN 121 showed that students did perform better onthe quantitative portion of

the quiz (Wilcoxon signed-rank test at 90% con�dence). Analysis of the qualitative portion

of the quiz revealed possible misconceptions about bondingthat will be addressed in further

versions of Bond Explorer.
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CHAPTER 1

INTRODUCTION

Chemistry is concerned with understanding and predicting the properties and interactions

of matter. The foundational concepts within chemistry are that of the atom, a chemically

indivisible unit of matter, and the connections between atoms known as bonds. Historically

these concepts predated the physical laws required to describe them (i.e. quantum mechan-

ics) by decades or more [1]. For instance, the concept of the chemical bond was prevalent in

chemistry as early as the 1860s, a prime example of this beingthe famous Kekul�e structure

for benzene which was �rst published in 1865 [2].1 To account for the broad spectrum of

bonding observed in molecules simple models were developed, perhaps the most famous of

these being Lewis's bonding model �rst published in 1916 [3].

By the time early quantum chemists such as Pauling and Mulliken [4, 5] had developed

formal approaches to chemical problems in the 1930s chemists already had decades of work

built upon simple models of bonding. For the practicing chemist both then and now, the

more formal approach is not always seen as essential. Quantum chemical calculations are seen

as too cumbersome and often do not cleanly provide simple distinctions between bonding

types that simple models like Lewis are able to provide. Though this is no longer necessarily

the case. Recent advances in quantum chemistry and computing technology have made the

calculation of properties possible for the vast majority ofchemical systems not only possible

for many molecules, but trivial in some cases.

Advances in both theory and technology have made it possible for chemists to adopt a

�rst-principle approach to their thinking about chemical bonding. A �rst principles approach

is advantageous over the older bonding models for it allows the researcher to assess bonding

regardless of the system being studied. Perhaps a greater advantage of a �rst-principles per-

1It's interesting to note that the concept of the bond even predates the discovery of the electron by J. J.
Thompson in 1897.
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spective on bonding is that it can help translate useful concepts from one chemical discipline

to another.

One way to make a �rst-principles approach to bonding accessible to the practicing

chemist is through analysis of and concepts pertaining to the structure of the ground-state

charge density, a discipline referred to as Applied Density Functional Theory (ADFT). ADFT

builds on two of the most prominent theoretical disciplinesthat make use of the charge

density: Density Functional Theory (DFT) and the Quantum Theory of Atoms in Molecules

(QTAIM). As will be expounded upon in the following section, DFTproves that all ground-

state properties can be known from the charge density alone.QTAIM provides a way to

parametrize the charge density and ascribe chemical signi�cance to topological elements

within the charge density.

1.1 Density Functional Theory

Density functional theory (DFT) is best know for its computational implementation

where DFT is the work-horse of large portions of computational chemistry and material

science. This is because calculating molecular propertiesfrom the charge density alone dras-

tically reduces the computational complexity of determining ground state properties from

�rst-principles. The charge density is a 3-dimensional function and hence the use of density

functionals in principle requires only integrating over the 3 spatial coordinates of the sys-

tem | contrast this to the 4N-dimensionality of orbital meth ods (3 spatial and 1 spin per

electron) for N number electrons. Modern computational implementations of DFT, such as

Kohn-Sham inspired implementations found in Gaussian and ADF[6{8] as well as psuedopo-

tential implementations like in VASP[9] and QuantumEspresso[10], are known for providing

accurate results at low computational cost when compared toother calculation methods of

similar accuracy[11, 12]. But for the discussion that follows we are more concerned with the

initial formulation of DFT.

The Hohenberg-Kohn theorems[13] are the bedrock of modern DFTas they provide the

theoretical justi�cation for using the charge density to calculate and understand molecular
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and material properties. The theorems prove that the energyof a system is a functional of

the density. In other words, the charge density determines the ground state energy and from

this one can calculate (in principle) any ground state property.

The �rst Hohenberg-Kohn theorem demonstrates that the ground-state charge density,

� (~r), determines the external potential due to the nuclei,� ext (~r). The charge density also

determinesN , the number of electrons in the system, if integrated over all values of~r.

N =
Z

� (~r)d~r (1.1)

In other words, if one was provided with the ground-state charge density for a system,

one would be able to determine the number of electrons withinthat system as well as the

location of the nuclei. Because� (~r) determines both� (~r) as well asN , the charge density

also determines the molecular Hamiltonian,bH . Further, becausebH determines the energy

via Schr•odinger's equation,� (~r) determines the energy of the system. Hence, the energy is

a functional of the density, as represented in Equation 1.2.

E = E � [� (~r)] (1.2)

The second Hohenberg-Kohn theorem posited that the density,� (~r), that minimizes the

energy, E, can be determined via the method of Lagrange undetermined multipliers (the

undetermined multiplier being� ) to obtain Equation 1.3:

� (E � �� (~r)) = 0 (1.3)

where the energy,E, is a combination of the energetic interaction of the density with the

external potential and the Hohenberg-Kohn functional,FHK . FHK is de�ned as the sum of

the kinetic energy,T[� ], and electron-electron interaction,Vee[� ], functionals.

E � [� ] =
Z

� (~r)� (~r)d~r + FHK [� ] (1.4)

FHK [� ] = T[� ] + Vee[� ] (1.5)
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Evaluating Equation 1.3 with respect to the constraint that the charge density must

integrate to N yields

� (~r) +
�F HK

�� (~r)
= � (1.6)

which provides a generalized framework for determining theenergy from the density. An

exact form for the Hohenberg-Kohn functional has yet to be discovered (Vee in particular), but

a plethora of approximation methods have been generated forboth molecular and extended

systems. Although the exact form of the functionals was not provided, this seminal proof

showed that kinetic and potential energy functionals do in fact exist and validates attempts

to determine system properties from the charge density alone.

1.2 CDFT

DFT, via the Hohenberg-Kohn theorems, demonstrates that all ground state properties

are a result of the charge density. Advancements to DFT can thenbe considered to be of two

general kinds: how does one perform DFT calculations, and uncovering the conceptual im-

plications of DFT itself, with the latter of two often referred to as conceptual DFT (CDFT).

In many respects, CDFT is similar in spirit to ADFT in that CDFT seeks to connect the

mathematical elements of DFT to chemical language. What sets CDFT apart, though, is

that chemical information that is obtained via CDFT in practice requires knowledge of states

other than the ground-state charge density | whether it's the energy of unoccupied orbitals

or the N + 1 and N � 1 charge densities. This will be demonstrated by discussingtwo of the

cornerstones of CDFT: electronegativity and chemical hardness.

1.2.1 The Electronic Chemical Potential and Electronegativity

In a seminal paper Parr, et. al.[14] demonstrated that the Lagrangian multiplier � from

Equation 1.6 can be expressed as:

� =
�

@E
@N

�

�

(1.7)
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This representation of� shows that the Lagrange multiplier has the form of the system's

electronic chemical potential, because it is a measure of the rate of change in the energy of

the system for a given change in particle number (N ). The electronic chemical potential is

thus an indication of electron 
ow in a system, with electrons moving from regions of high

potential to low potential until a single value of� is reached. In this way,� is analogous to the

concept of electronegativity | the tendency of an atom or group of atoms to attract electron

density. Reactions, in general, proceed because di�erent atoms and groups of atoms have

di�erent tendencies to draw electron density to themselvesso electron density is exchanged

within the system until a uniform chemical potential or electronegativity is reached. If

one knows the relative magnitudes of the electronegativities of two interacting species, then

predictions can be made as to the polarity and even stability/reactivity of the resulting end

product. The concept of electronegativity was �rst introduced by Pauling who generated the

Pauling electronegativity scale by comparing a wide variety of reaction energies using sets

of reactions involving various elements[15]. This de�nition for electronegativity, although it

has proved useful for explaining simple elemental reactivity trends, lacks both a systematic

method for assigning new electronegativities to new molecules and a �rm theoretical basis

for the electronegativity values assigned. It was not untilsome 40 years later that Parr and

coworkers were able to discover the link between electronegativity and charge density via

the electronic chemical potential [14].

� = � � = �
�

@E
@N

�

�

(1.8)

Relating � and � in this way provides a rationale for the observed interplay between elec-

tronegativity and the energetics of reactions | with reagents possessing the most disparate

electronegativities releasing the most energy per electron exchanged and thus reacting with

the greatest vigor.

Having a �rm de�nition for electronegativity allowed for a ri gorous electronegativity

scale which can be applied to any chemical system | this beingpreferable to the more
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heuristic notion of Pauling electronegativity. The derivative can be evaluated through a �nite

di�erence approach where one takes the average of the slopesof line segments connecting

the N0 � 1, N0, and N0 + 1 values for Equation 1.8.

� � = E(N0 � 1) � E(N0) = I (1.9)

� + = E(N0) � E(N0 + 1) = A (1.10)

Here, I is the ionization energy which is then energy required to remove an electron from

the system andA is the electron a�nity which is the energy change in the system due to

adding an electron. Combining Equations 1.9 and 1.10 yields:

) � �
1
2

(I + A) (1.11)

As one would expect, using Equation 1.8, the �nite di�erence expressions for� can be

expressed as.

� � = E(N0) � E(N0 � 1) = � I (1.12)

� + = E(N0 + 1) � E(N0) = � A (1.13)

(1.14)

) � �
� 1
2

(I + A) (1.15)

Employing Koopmans' theorem[16, 17] (or the equivalent theorem for Kohn-Sham orbitals

developed by Baerends et. al.[18]), which assumes thatI � � � HOMO and A � � LUMO in

conjunction with Equation 1.15 reveals that the chemical potential lies half-way between

the valence and conduction bands of a system atT = 0K (i.e. the Fermi level). This �nite

di�erence approach allows for a systematic method for determining electronegativities exper-

imentally, without having to conduct a series of reactions and compare the results, while also

yielding the same expression for electronegativity as the one provided by Mulliken[19]. This

allows for direct comparison of calculated electronegativities with experimentally determined

ionization and electron a�nity energies.
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1.2.2 Hardness and The Hard Soft Acid Base Principle

The Hard-Soft Acid Base Principle (HSAB) initially came, not from CDFT, but the Lewis

concept of acids and bases. In a Lewis acid-base reaction theLewis acid accepts electrons

from the Lewis base. Pearson[20] observed that small Lewis acids with a large positive charge

(e.g. Al3+ and Ti4+ ) reacted preferentially, based on reaction enthalpies, with Lewis bases

that were similarly small in size with a relatively large negative charge (e.g. F� ). Pearson

described these small charged ions as \hard" to evoke the idea of dense electron clouds that

resist deformation. Similarly, Pearson noted that larger Lewis acids, with more di�use or

\soft" electron clouds also reacted preferentially with other \soft" Lewis bases. From these

observations Pearson developed the Hard-Soft Acid-Base (HSAB)principle which states that

hard Lewis acids and bases will preferentially react with hard Lewis acids and bases and soft

will react with soft. Pearson determined the degree to whicha reaction is preferred through

an investigation of double replacement reactions of the kind shown in Equation 1.16, where

A, B , H , and S represent acid, base, hard, and soft respectively.

AH BS + ASBH ! AH BH + ASBS (1.16)

As the above double-replacement reaction illustrates, the hard-soft acid base principle states

that the thermodynamics of the reaction will prefer the production of hard acid/base pairs

(AH BH ) and soft acid/base pairs (ASBS).

This concept was very well received by the chemical community, especially the inorganic

chemistry community. Unfortunately, much like Pauling's electronegativity, Pearson's scale

was based on relative reactivities and therefore lacked a general expression to determine a

molecule's hardness from �rst principles.

It was not until 1983 that Parr and Pearson[21] published a foundational paper for CDFT

where an expression for the absolute hardness for a system was shown to be equal to the

second derivative of the energy with respect to the change ofnumber of electrons, as shown
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in Equation 1.17.

� =
1
2

�
@2E
@N2

�

� (~r )

=
1
2

�
@�
@N

�

� (~r )

(1.17)

While the original de�nition for hardness by Parr and Pearsonincluded the factor of 1=2

shown in Equation 1.17, it is not necessary and is at times omitted[22]. Using the relation

given in Equation 1.7, yields the expression relating the electronic chemical potential to

chemical hardness (right-hand side of Equation 1.17). Thisexpression of the hardness is

perhaps more intuitive, showing that the hardness of a system is how the chemical potential

responds to changes in electron count | in a sense how resistant a system is to deformation

of the electron density.

Using a �nite di�erence approximation similar to the one usedto approximate the elec-

tronegativity given in Equations 1.11 and 1.15 to calculate� yileds

� �
I � A

2
(1.18)

As was also the case with Equation 1.17, at times the above factor of 1=2 is at times omitted.

Again employing Koopmans' theorem[16, 17] demonstrates howa molecule's hardness is

approximately equal to the size of the molecule's band gap:

� �
� LUMO � � HOMO

2
(1.19)

Equation 1.19 allows for a direct determination of molecule's hardness via computation or

experiment. Possessing the ability to classify molecules as hard or soft yields various insights

into how a molecule will react.

While these concepts from CDFT are a useful step in relating thecharge density to

chemical concepts neither of the two covered above (electronegativity and chemical hardness)

are related directly to the ground-state charge density alone and instead require knowledge

of the either unoccupied molecular orbitals or the energy ofsystems withN � 1 electrons.

8



1.3 The Quantum Theory of Atoms in Molecules

The application of DFT (as seen through CDFT) lacks a formalismthat allows one to ra-

tionalize and predict charge density dynamics. Being able to predict how the charge density

will evolve under various circumstances is advantageous not only for its potential predic-

tive power but also to o�er rigor to \electron pushing" conventions employed by synthetic

chemists. Some steps have been taken in this direction [23, 24] though a full understanding

of charge density dynamics remains an unrealized goal. Bader's quantum theory of atoms

in molecules (QTAIM) [25] is employed to help develop such a formalism. QTAIM is partic-

ularly appropriate for this task; because it represents molecular structure and bonding as a

consequence of the charge density topology and geometry. Hence QTAIM seems to o�er a

way to frame dynamics in terms of local changes to charge density topology and geometry.

The Quantum Theory of Atoms in Molecules grew from Bader's desire to provide rigorous

de�nitions for important but conceptually fuzzy chemical entities such as atoms, functional

groups, and bonds. In the 1960s Bader asked the prescient question, \If one could see inside

a molecule with a powerful microscope, would the boundariesof the atoms in the molecule

and the bonds connecting these atoms be visible" (R.F.W. Bader, private communication

with M. E. Eberhart, April 1987). An answer to this question required that QTAIM be

constructed around a quantum observable, the electronic charge density. What evolved was

a theory of molecular and condensed phase electronic structure in which surfaces where the

gradient of the charge density vanishes at every point are ofcentral importance. These are

zero 
ux surfaces or ZFSs. Volumes bounded by such surfaces are characterized by properties

that are well de�ned and additive | in the sense that the properties of a molecule, e.g. its

energy, is given by the sum of energies of regions bounded by ZFS [25]. Though there are

in�nitely many such volumes, the initial formulation of QTAI M was concerned only with

those where the bounding ZFSs did not intersect an atomic nucleus. These distinct volumes,

called Bader atoms or sometimes atomic basins, partition the charge density of a molecule

or solid into space �lling regions each of which encloses a single nucleon | hence the name,
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\atom" (see Figure 1.1).

The charge density topology controls the physical connections between Bader atoms; and

the topology is mediated by the charge density's rank 3 critical points, CPs. These are the

places where the charge density, a three-dimensional scalar �eld, achieves extreme values

in all directions. As with all 3D scalar �elds, the charge density possesses at most four

kinds of CP: local minima, local maxima, and two types of saddle points. These CPs are

denoted by an index given by the number of principal positivecurvatures minus the number

of principal negative curvatures. For example, at a minimum, the curvature in all three

principal directions is positive; therefore, it is called a(3, +3) CP. The �rst number is the

number of dimensions of the space and the second is the net number of positive curvatures.

A maximum is denoted by (3,� 3), because all three curvatures are negative.

The charge density at the atomic nucleus is always a maximum,a (3,� 3) CP (within

the approximate Coulomb Hamiltonian the charge density at a nucleus is a cusp with the

curvatures unde�ned), hence it is also called a nuclear CP. The other CPs, which must be

present in a molecular system, sit on the ZFSs bounding the Bader atoms and mirror their

connectivity [25, 26]. The simplest topological connection results from a shared (3,� 1) CP

between two Bader atoms, and is indicative of a charge density ridge originating at the (3,

� 1) CP and terminating at the nuclear CPs. This ridge possesses the topological properties

imagined for the chemical bond, and hence, motivated studies showing the presence of such

a ridge between atoms that conventional wisdom assumed to bebound. Accordingly, this

ridge was referred to as a bond path and the accompanying (3,� 1) CP as a bond CP. This

observation marked a great triumph for QTAIM, in that it gave substance to Lewis' strictly

heuristic molecular graph [3]. Other CPs were also recognized as providing information

about chemical structure. A (3, +1) CP is required at the center of ring structures (rings

of bond paths). Earning its designation as a ring CP. Cage structures must enclose a single

(3, +3) CP and these are given the name cage CPs.
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Figure 1.1: A sample of the gradient paths within a carbon atomic basin in the ethene
molecule, nuclear CPs are shown as dark blue spheres while the bond CP's are denoted with
light blue spheres, the bond paths connecting the nuclear and bond CPs are also shown. The
outline of the basin is shown in blue. Note how all of the gradient paths within the carbon
atomic basin (Bader atom) all terminate at the C nucleus and none of the gradient paths
cross the zero-
ux surface.
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1.3.1 Recent Developments to QTAIM

Just as there are charge density ridges, there are \valleys" connecting nuclear CPs to

either cage CPs or to a point at in�nity. A valley path is typically the shortest and on

average most rapidly ascending of all such paths. As an example consider cubane, which

is characterized by both valley and ridge paths (see Figure 1.2). The gradient �elds in the

neighborhood of these paths are quite di�erent. In the case of the ridge, adjacent paths are

ascending more rapidly and hence are concave, while for the valley where the adjacent paths

the ascent is slower, they are convex. In other words, when traversing perpendicular to a

valley or ridge, the value of the �eld variable will be extremal at the point of traverse. In

the case of a ridge it is maximal and in the case of a valley it isminimal. Because valleys

and ridges di�er only by the sign of the curvatures along the path, both are often referred

to as \ridges".

In 3D �elds there are three ridge classes consisting of the points, paths, and surfaces

that are extreme with respect to all neighboring points, paths, and surfaces. A ridge class is

denoted by an index,n � d, wheren is the dimensionality of the space andd is the number

of principal directions in which the �eld variable is extremal [27]. Of necessity, the 
ux of

the gradient of the �eld variable must vanish on these points, lines, and surfaces. Thus,

where the �eld variable is the charge density: a 0-ridge is nothing more than one of the four

types of critical points; a 1-ridge is an extremal gradient path, of which the bond path is an

example; and, a 2-ridge is an extremal gradient surface, of which the ZFSs bounding Bader

atoms are examples.

For stable extended systems [28] there will always be 4 kindsof charge density CPs (0-

ridges), six kinds of 1-ridges, and 4 kinds of 2-ridges. The 1-ridges pairwise connect the four

kinds of critical points and the 2-ridges are surfaces containing three distinct and di�erent

kinds of CPs. The ridge structure forms a set of space �lling volumes homeomorphic to a

tetrahedron. Coincident with the four vertices of each tetrahedron is a nuclear, bond, ring

and cage CP, respectively. The six edges of the tetrahedron are 1-ridges, and the 4 faces are
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Figure 1.2: This �gure illustrates the di�erence in gradientpath behavior near a ridge (left)
versus a valley (right). On the left, a cut-plane containinga face of the cubane molecule is
shown with the ridge connecting the carbon atom CP and a bond CP highlighted below. The
path of minimum descent is the single gradient path connecting the atom and bond CPs, the
gradient paths near the ridge curve away as they get further from the atom CP eventually
either terminating at the ring point (green) or converging in�nitely far from the bond CP at
a point on the projective plane. This gradient path behavioris distinct from what is seen in
the region near a valley gradient path (right). Gradient paths near the valley path bow out
away from the valley moving away from the atom CP before once again converging on the
cage CP (cyan). The units for the scale bar aree� � bohr� 3
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2-ridges. In an open system|a molecule or a solid with a free surface|all four types of CPs

need not be present (alternatively one may think of these points at in�nity on the projective

plane) and some of the 1-ridges may be of in�nite length [29] and hence some of the 2-ridges

will have in�nite area. In such systems the 2-ridges form a set of open tetrahedra.

In either an open or closed system the tetrahedra are simplices, which means that they

may be \glued" together to form a simplicial complex that is homeomorphic to the charge

density topology of any molecular system. Accordingly, these simplices have been designated

irreducible bundles, IBs, where bundle is used to evoke an image of a bundle of gradient

paths. In open systems some of the IBs must be homeomorphic toopen tetrahedra and are

referred to as open IBs and are said to be open in the directionnormal to the tetrahedral

face|2-ridge|of in�nite area.

From a molecule or solid's simplicial complexes one can construct subcomplexes, called

d-skeletons, which recover the charge density at various topological levels. In particular,

the 0-skeleton of the simplicial complex is the set of all of its CPs. Its 1-skeleton consists

of all 1-ridges and is called the underlying graph of the complex. The 2-skeleton is the set

of all 2-ridges, and the 3-skeleton is the full simplicial complex, i.e., the charge density. A

molecule or solid's underlying graph will contain as a subset the molecular graph. However,

the molecular graph depicts only bond paths, i.e. the connections between atoms, while the

underlying graph (1-skeleton) depicts the full set of 1-ridges and captures the topology of

the atomic connections, providing a more complete representation of \bonding" than the

traditional picture of a bond as a simple connection.

In addition to the extended simplicial complexes, local structures can be generated by

gluing together a �nite number of IBs. The most basic of thesestructures are given through

the union of IBs sharing a single CP. The union of all IBs sharing the same nuclear CP

will generate Bader atoms. The union of all IBs sharing the same cage CP will yield the

repulsive basin �rst noted by Pend�as [30]. In addition, onecan construct the union of all

IBs sharing the same ring point. Finally, there is the union ofall IBs sharing the same bond
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CP. This volume will contain a single bond critical point andits associated bond path and is

referred to as a bond bundle, to stress the fact that as a bundle of gradient paths the volume

is bounded by ZFSs.

To make the above concepts more concrete, consider the ridge-structure of the benzene

molecule (see Figure 1.3). The conventional molecular graphof benzene, as shown in Fig-

ure 1.3a, gives the location of the C and H nuclear CPs as well as all molecular bond paths.

Including ring and bond CPs recovers all of benzene's 0-ridges as well as the bond paths.

However, there are additional 1-ridges not shown in the molecular graph. In the plane of

the ring, there are 1-ridges connecting the C nuclear and C{Cbond CPs with the ring CP

(Figure 1.3b). On the exterior of the ring there are 1-ridges originating at in�nity and ter-

minating at the C{C bond CP, C nuclear CP, H nuclear CP, and C{Hbond CP. Normal to

the plane of the ring there are 1-ridges connecting each of the CPs to far-�eld points above

and below the ring (see Figure 1.3b)
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Figure 1.3: (a) The structure of benzene with the region of theC{C bond bundle highlighted.
The 0-skeleton for benzene is shown below, where blue spheres are bond CP, gray spheres
represent nuclear CPs, and the green sphere is the ring CP. The bond paths are added to
help guide the eye. (b) Benzene's symmetry unique 1-ridges in the plane of the ring (above)
and normal to the ring (below). In the plane of the ring, all ofthe ring-exterior 1-ridges
converge with the exception of the ridge associated with theH. Normal to the ring, none
of the 1-ridges converge. (c) The IBs associated with C{C bond CP. Both of these bundles
are open normal to the ring but closed parallel to the ring. (d) The IBs associated with the
C{H bond CP. The IB associated with C (above) is, like C's other IBs, closed in the plane
of the ring and open normal to the ring. The H IB (below) is unique in that it is the only
bundle open in the plane of the ring but closed to approach normal to the ring.
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CHAPTER 2

CHALLENGE PROBLEMS FOR MOLECULAR STRUCTURE

Modi�ed from a paper in ChemPhysChem.

Jonathan Miorelli2, Tim Wilson3, Amanda Morgenstern4, Travis Jones5, and Mark E.

Eberhart6. ChemPhysChem16 (1): 152{159, 2014.

2.1 Abstract

ADFT has to be able to address problems currently present within the theoretical com-

munity. Researchers are developing conceptually based models linking the structure and

dynamics of molecular charge density to properties. Key among these has been the discov-

ery and description of the bond path and bond critical point from the Quantum Theory

of Atoms in Molecules (QTAIM). The discovery of bond paths in systems not considered

to be chemically bound | e.g. a H-H bond between adjacent hydrogens in a di-benzene

complex and He-C bonds in the He + adamantane inclusion complex| seemed to pose

a considerable challenge to analyzing bonding via topological analysis of the charge den-

sity. Using extensions to QTAIM developed by the Molecular Theory Group one can use a

molecules ridges to de�ne a natural simplex over the charge density. The resulting simplicial

complex can be represented at various levels by its 0, 1, and 2-skeleton (dependent sets of

points, lines, and surfaces). The geometry of these n-skeletons retains critical information

regarding the structure and stability of molecular systemswhile greatly simplifying charge

density analysis. Via the geometry of these n-skeletons one can uncover the �ngerprints of

instability and metastability in the systems mentioned above: the di-benzene complex and

He + adamantane inclusion complex.

2Primary researcher and author
3Developed code
4Provided useful discussion of theory and document editing
5Provided advice on computations and document editing
6Corresponding author
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2.2 Introduction

There is growing interest in explaining chemical phenomenaas arising from the structure

of the charge density, what we call applied density functional theory (ADFT). One branch

of this developing discipline is conceptual density functional theory (CDFT) [31]; which has

provided rigorous de�nitions for various chemical concepts such as electronegativity [14],

hardness [21], as well as relating changes within the density to frontier orbital concepts via

the Fukui function [32]. However the application of DFT also requires a formalism that

allows one to rationalize and predict charge density dynamics, not only for its potential pre-

dictive power but also to o�er rigor to \electron pushing" conventions employed by synthetic

chemists. Some steps have been taken in this direction [23, 24] though a full understanding of

charge density dynamics remains an unrealized goal. It is Bader's quantum theory of atoms

in molecules (QTAIM) where such a formalism can be found [25].QTAIM is particularly

appropriate for this task because it represents molecular structure and bonding as a conse-

quence of the charge density topology and geometry. Hence QTAIM seems to o�er a way

to frame dynamics in terms of local changes to charge densitytopology and geometry. That

said, there is some debate about the applicability of QTAIM [33{43]. Detractors see the

precepts underlying the theory as arbitrary, its topological construction as ambiguous, and

believe that it lacks predictive capabilities. Bolsteringtheir arguments, they have identi�ed

several \challenge" problems to illustrate QTAIM's shortcomings. What concerns this chap-

ter is not so much the QTAIM controversy but rather to use theseproblems to demonstrate

the growing power a�orded by ADFT. Accordingly, below two challenge problems related

to unstable and metastable systems are analyzed using the geometry and topology of the

charge density.

First though, a comment about one of the most prevalent misconception about QTAIM

is the belief that: \even the very heart of [QTAIM], namely, the partitioning of molecules

into atoms using zero-
ux surfaces, is arbitrary" [38]. This critique is motivated by the fact

that in real molecules (omitting the point charge for the nuclei) there are an in�nite number
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of zero 
ux surfaces and the surface de�ning the Bader atom isbut one of these. Recognizing

that a Bader atom can be considered as the union of all IBs sharing a nuclear CP allows

us to address this particular concern. The surface of a Baderatom is also a 2-ridge, and

while all 2-ridges are ZFS, not all ZFS are 2-ridges. Rede�ningthe Bader atom as the

union of IBs sharing a nuclear-CP transforms it from an apparently arbitrary entity into a

unique topological object. At the same time, the Bader atom looses its special character and

becomes but one of the many possible objects that can be builtthrough the union of IBs.

2.3 Methods

All calculations were run using ADF 2013.01 [6{8] using a TZ2P basis set using the

Becke-Perdew[44, 45] (BP86) functional. Topology of the charge density was analyzed using

Tecplot [46].

2.4 Challenge problems

For many, recovering the molecular graph provided support for the conceptual power

a�orded by QTAIM (see section 1.3). To others, it is one of theory's most signi�cant failures,

for bond paths appear not only where expected, but also wherethey are not. For example,

noble gas atoms and dimers (He2, Ar2) inside a C60 cage possess a bond path between the

noble gas atoms and multiple bond paths to the fullerene cage[33, 34]. Bond paths can be

found connecting repulsive species, such as the formation of anion-anion bond paths in ionic

crystals [47] and bond paths connecting sterically repulsive halogen substituents [35]. Then

there are the two examples we will consider in this chapter, which are cited as \awkward

failures" of QTAIM [38]: the H-H bond paths between two molecules R|H � � � H|R; and

He-C bond paths in the inclusion complex of He in adamantane. Inboth instances, QTAIM

recovers a bond CP and bond path between atoms with destabilizing interactions.

The puzzling existence of bond paths between both stabilizing and destabilizing interac-

tions is not a failure of QTAIM, rather, it is an indication that something is missing from the

theory's original formulation. Speci�cally, QTAIM explici tly recognizes as a distinguishing
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topological feature only one type of ridge{the bond path. There are, in fact, three ridge

classes in a 3D scalar �eld and six common elements in the class to which the bond-path

belongs. Restating QTAIM in its fully topological form|as we will show|renders moot

many of the arguments posed as objections to the theory.

One of the noted challenges to QTAIM is an explanation for the bond point and path

between the phenyl hydrogen atoms shown in Figure 2.1. This H{Hinteraction is \repulsive"

over a broad range of distances and at the equilibrium separation of H2 (0.749 �A) the

interaction is destabilizing by more than 50 kcal/mol. In contrast the H{H interaction of

molecular hydrogen is stabilizing by a little more than 155 kcal/mol. As argued in Reference

[38], while the energetics of this interaction is easily explained from a molecular orbital

perspective, QTAIM \fails to diagnose [their] di�erent nature," where the authors of the

reference take as their sole diagnostic test the existence of a bond CP between both sets of

hydrogen atoms. That is, they consider the topology only.

Figure 2.1: Molecular graphs for the di-benzene system on theleft and He (grey sphere)
inside an adamantane cage on the right.

The expectation that a speci�c topology (as opposed to the geometry) can be charac-

terized as stabilizing or destabilizing is unreasonable for several reasons. First, bond energy

is the energy di�erence between a con�guration of interest and a reference state, usually
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the dissociated state in which the atoms or fragments of a molecule are in�nitely separated.

Thus, the iconic chemical bond, drawn as a simple line, denotes both a physical connection

between atoms and a stabilizing interaction relative to thereference state. However, only the

connection is a quantum observable. Second, the energy di�erence through which stability is

measured serves as a metric over a molecule's charge densityspace. As a topological space is

not a metric space, the topology alone carries no information regarding molecular stability.

For these reasons, a description of the stabilizing in
uence of the traditional chemical

bond is not amenable to rigorous quantum mechanical interpretation with QTAIM or any

other formalism. This is not to say that the stabilizing/destabilizing e�ects of chemical

interactions cannot be interpreted within the framework provided by QTAIM. It is to the

geometry of the charge density|a metric space|to which one should look for evidence of

the stability of a molecular con�guration (i.e. geometric changes to the 0, 1, and 2-ridges

resulting from bringing together molecular fragments).

Figure 2.2 shows the relevant portions of the 0, 1, and 2-skeletons of H2 and the H{

H region of the phenyl complex. While their 0-skeletons (CPs)are similar, their 1 and 2

skeletons are distinct. For H2, in addition to a bond path, there are two 1-ridges (valleys)

lying along the H{H internuclear axis. These valleys originate at in�nity and terminate at

each hydrogen nuclear CP. Further, there is a 2-ridge normalto the H-H bond path at the

bond CP. The H2 bond bundle is open in all directions and consequently �lls all space [29].

Contrast this with the 1 and 2-skeletons of the phenyl complex, where a C{H bond path

replaces the valley path of H2. The existence of two bond paths|one to the hydrogen atom

and the other to the carbon atom|necessitates the existenceof a set of 2-ridge sharing the

H nuclear CP as a common vertex. These 2-ridges are the boundaries between the H{H and

H{C bond bundles. Compared to the H2 bond bundle, the H{H bond bundle of the phenyl

complex is small in both total volume and electron count (0:6e� � 0:3e� ) and possesses a

structure that has been associated with incipient instability [48, 49].
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Figure 2.2: (a) The 0, 1, and 2-skeleton for H2, the white spheres represent the hydrogen
nuclear CP, the solid line represents the ridge-path (bond path) and the dashed line represents
the valley path originating at in�nity. The plane separating the hydrogen atoms is the 2-
ridge de�ning the boundary between the two Bader atoms. (b) The relevant parts of the 0
and 1-skeletons for the di-benzene system. The 1-ridges that de�ne the edges of the H{H
bond bundle in the plane of the benzenes is represented with dashed lines that terminate
at the hydrogen nuclei. (c) The surface de�ning half of the H{Hbond bundle, the bundle
quickly converges on the valley path terminating at the (3,-3) CP.

It is precisely the bond bundle interaction that point to Pauli repulsion as the mechanism

destabilizing the phenyl complex. The bond CP between the hydrogen atoms necessitates a

H{H bond bundle that competes for the same space as the C{H bondbundle and thereby

displaces its boundary, as is shown in Figure 2.2.

It is this competition for space by these two volumes of charge density that drives the

instability of this system. A more explicit manifestation of Pauli repulsion is garnered

through an inspection of the deformation density (the ground SCF density minus the sum

of the initial atomic fragment densities) in the 2-ridge perpendicular to the H{H bond path

at the bond CP. In the case of H2 (see Figure 2.3) the SCF density results as charge 
ows

from the surrounding region and concentrates at the bond CP.Conversely, for the benzene

system charge density 
ows out of the region containing the bond CP.

The 
attening of the charge density perpendicular to the bond path can be more thor-

oughly rationalized from the Electron Preceding Perspective (EPP) developed by Ayers and

Jenkins [23], where the eigenvalues and eigenvectors of the charge density curvature tensor

at a bond CP have been shown to provide information regardingthe directions and ease
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Figure 2.3: (a) The deformation density for H2 evaluated in the plane normal to the bond
path at the H{H bond CP. Charge density in H2 is accumulated along the bond path,
indicative of the stabilizing interaction between the two Hatoms. Quite the opposite is seen
in the plane normal to the H{H bond path at the bond CP in di-benzene (b). Here the
deformation density demonstrates how charge is removed from the region containing the H{
H BCP. Also notice that more charge was removed from the plane containing the benzenes
then above and below the BCP, this is in agreement with the EPPanalysis which predicts
that this system is unstable relative to shear. The units forthe scale bar aree� � bohr� 3

of electron 
ow associated with nuclear motions. For non-degenerate eigenvalues the direc-

tions in which the charge density is most and least responsive are coincident with 1-ridges.

At a bond CP the negative eigenvalues signify charge densitycompression perpendicular to

the bond path while the positive eigenvalue signi�es chargedensity tension in the parallel

direction. The compression, and hence negative eigenvalues, indicates that a system resists

pulling electrons away from the bond path, with the least resistance in the direction in which

the eigenvalue is closest to zero.

Eberhart et al. utilized the EPP to construct the Generalized Bonding Model [50] and

argued that the stress state at a critical point should be taken with respect to a reference

state formed from the overlap of special spherical charge densities centered on the constituent

atoms rather than relative to the 
at charge density of the EPP. Taking the overlapping

initial atomic fragment densities as a rough approximationof this special state, the stress

at the bond CP and in the direction perpendicular to the bond path can be inferred from

the deformation density. Hence, in the phenyl complex there is a tension acting to pull
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the charge density away from the bond path in a perpendiculardirection. In the absence

of additional structure to constrain the out
ow of charge density, EPP/GBM predicts that

the bond path is unstable relative to a shear. A prediction supported by our calculations

showing that the phenyl complex relaxes initially not only by the movement of the benzene

molecules along the H{H internuclear axis, but through shearof the benzene complex in the

molecular plane.

The evolution of the geometry of the ridge structure within the H{H bond bundle from

2�A to 0.5�A H{H separation yields interesting insights as to the orbital mechanism through

which the system vitiates the growing Pauli repulsion. Figure 2.4 shows in the gradient �eld

in the plane of the benzene rings. Gradient paths have been seeded at 15� intervals around

the H and C nuclei, and the 1-ridge in this �eld is also noted. Using the gradient paths as

a way to approximate the angle between the H{H bond path and ridge separating the H{H

and C{H bundles one can see that as the hydrogens are brought together the angle between

the HH bond path and the highlighted 1-ridge in Figure 2.4 goes from obtuse to acute, with

the angle decreasing more rapidly across smaller separation distances. The movement of

the 1-ridge (which is indicative of the evolution of the ridge structure as a whole) reveals

that not only is the H{H bundle shrinking but more speci�cally that density is being moved

across the H nucleus from the H{H bond bundle into the C{H bond bundle. To achieve

this pivoting of the relevant 1-ridge, p-orbital charactercentered on the H nucleus is added

parallel to the H{H bond path. The opposite signs of the p-orbital constructively add density

to the C{H bundle while removing density from the H{H bundle. This is con�rmed by the

p-orbital Density of States (DOS) for the interacting hydrogens (Figure 2.4). Note how the p-

orbital character, speci�cally near the Fermi energy (dashed line), builds continuously as the

molecules are forced together and notably begins to spike atcloser than 1�A separations. It is

this addition of H p-orbital character to the H-atom promotesconstructive interference with

the s-orbital within the C{H bundle and destructive interference within the H{H bundle,

thereby reducing the Pauli repulsion and is the mechanism for charge depletion observed
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within the deformation density.

Figure 2.4: (a){(c) Gradient paths for half the H-H bond bundleas well as the entire C-H
bond bundle in the plane of the benzene rings as the H-H separation distance is decreased
from 2�A (a), to 1�A (b), 0.7�A (c), and (d) 0.5�A. Gradient paths were seeded at 15� intervals.
Using the gradient paths as an indication of the angle betweenthe 1-ridge and H{H bond
path, note how at far separations such as 2�A the highlighted 1-ridge terminates at the H
nucleus at an angle greater than 90� . This corresponds to a low amount of p-orbital character
on the H as indicated by the DOS below. As the hydrogen atoms approach one another the
highlighted ridge pivots toward the H{H bond path, indicating that s and p-orbital mixing
on the H atom is moving density out of the H{H bond bundle and into the C{H bundle. This
movement of charge corresponds to a large increase in p-orbital character on the interacting
hydrogen.

Turn now to another problem posed as a challenge to QTAIM|helium trapped in an

adamantane structure (Figure 2.1). As noted by Haaland et al. [51, 52], this endothermic

complex is meta-stable and is destabilized relative to separate He + adamantane. It's also

important to note that this structure has yet to be synthesized, making the complex the-

oretical in nature [53]. In spite of it's meta-stability, quoting reference [38], \AIM theory

recovers a He{C bond path with bond critical points and, therefore, erroneously diagnoses

He{C bonding." Bader responded to these criticisms claimingthe Ehrenfest force|the net

force exerted on the electron density|indicated that the force between the He and cage

carbons was attractive and the endothermicity was due to destabilization of the cage atoms

25



[54].

Again, we must consider the whole topology, not simply the character at the bond point

| the He{C bond CPs necessitates ring CPs. It is the combined in
uence of both bond and

ring CPs that mediate the properties of this system, including its meta-stability. Further,

the existence of a bond CP is a topological constraint and therefore in and of itself does not

impact stability. Again it is from the charge density geometry, particularly the 1-skeleton of

the He{C bond bundle, that we may infer something about stability.

Figure 2.5 shows the gradient �eld and contour diagram in a plane containing the He{C

bond path. What is signi�cant is that along the greatest part of its length the gradient �eld

adjacent to this bond path more closely resembles the gradient �eld around a valley path (e.g.

Figure 1.2). In fact, our numerical results suggest that these paths are converging as in the

case of a very shallow valley, though this could be a numerical aberration. Nonetheless, the

He{C bond path is at best unusual, and in fact may not qualify asa bond path throughout

its entire length. Rather it originates from the bond CP as a bond path but terminates at

the C nuclear CP as a valley path.

Also, as in the case of the phenyl complex, the deformation density shows that charge

perpendicular to the He{C bond point is in tension. In this case, upon formation from

isolated atoms charge density is lost to the greatest extentfrom He{C bond CPs and bond

paths and accumulates in ring CPs. It is the compensatory 
owof density between ring and

bond that links these CPs and prevents one from considering them as independent objects.

The 1-ridge connecting these CPs lies along the direction ofeasy electron 
ow, placing the

charge density at the bond CP in tension. Equivalent tensions from all other He{C bond

points produces a mechanically stable charge density. With the loss of any one of these

points, however, the charge density is rendered mechanically unstable and the He atom will

be expelled from the adamantane molecules, as noted by Poater et al. [38].

The relative magnitude of the density at the He{C bond CP and ring CP provides more

evidence of the instability of the He{C interaction. Consider a ring of atoms connected

26



Figure 2.5: (a) The position of the cut plane in adamantane displayed in parts (b) { (d).
This cut plane is chosen because it not only contains the secondary and tertiary carbons with
associated bond path and CP and cage CP of adamantane but alsocontains the ring CP, He
atom, and He{C bond CP and associated bond path in the inclusion complex. (b) Gradient
paths terminating at one of the He{C carbon atoms in the regionnear the associated 1-ridge,
with the He atom at the top of the �gure and the C atom at the bottom. Note how the
gradient paths terminating at the C atom are nearly parallel, which is typical of gradient
paths near a 1-ridge connecting a nuclear and cage CP (compare to the gradient paths shown
in Figure 1.2).
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by bond paths, by necessity there will exist a ring point. As the charge density relaxes to

its most stable con�guration density will be depleted from the ring CP and into the bond

CP. The extent to which the density is removed from the ring CPand transferred into the

bond CP can be seen as a measure of the stabilizing interactions of the atoms within the

ring. The densities calculated at the ring CP and He{C bond CP are 0.0716 and 0.0951

(e� � bohr� 3) respectively, which indicates that the ring CP has 75% as much density as the

He{C bond CP (for the sake of comparison the same ratio of ring to bond CP densities

is 8.5% in cyclohexane and 7.9% for benzene). The similarityin the magnitude of these

values is indicative of the 
atness of the charge density surrounding the He atom and further

demonstrates the disadvantageous nature of the He{C interaction.

2.5 Summary

The power of charge density analysis is in its ability to reveal local interactions between

atoms and sets of atoms. Handling \challenge problems" such as the ones provided above

may appear esoteric, but it demonstrates how one can use the density to understand not

only stability as a whole, but also reveals potential interactions between atoms, or the lack-

thereof. This work provides further evidence that the recovery of local interactions via charge

density is a powerful means of predicting and understandingchemical processes, such as the

evolution of phase transitions[23, 55] and the work of separation of an Fe-ceramic interface.

However, this work also lends further weight to our belief that theses same tools may be

applied to the development of new molecules and materials, e.g. optimizing this interfacial

strength via chemical substitutions[56]. It is through understanding the ridge-structure of

a system, as well as the geometry of the density around these ridges, which we hope will

provide a new approach to molecular and materials design.
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CHAPTER 3

FUNCTIONAL GROUPS

Modi�ed from a paper submitted to J. Chem. Phys. A

Jonathan Miorelli7 and Mark E. Eberhart8.

3.1 Abstract

Matter is nearsighted, i.e. for a �xed chemical potential the charge density is only sen-

sitive to perturbations within a radius, R. While it is known that the resultant change

in the density at point r from some perturbation at some other pointR (� � (r0; R)) is a

monotonically decreasing function, a plausible range of a chemically signi�cant � � (r0; R),

and the value ofR needed to cause these perturbations has not been well studied. Using

the functional group, which upon satisfying the necessary atoms/bonds speci�c to that func-

tional group retains a characteristic chemistry, this chapter provides an initial study into the

magnitude of both � � p and Rp, the radius beyond which to a�ect a given property. Values

for � � are shown to be robust across a variety of DFT functionals and provide a framework

for the transfer of the functional group concept other disciplines, such as metallurgy.

3.2 Introduction

Electronic matter is nearsighted. W. Kohn has provided both aqualitative [57] and

quantitative rationale [58, 59] in support of this observation in what is known as the NEM

(nearsightedness of electronic matter) principle. This principle asserts that molecular and

solid-state properties originate from the piecewise properties of overlapping atomic neigh-

borhoods. For all intents and purposes an atom can only \see"nearby atoms.

Rigorously, NEM asserts that for �xed chemical potential thecharge density is sensitive

to changes in the external potential only within some radiusR. Changes to the potential
7Primary researcher and author
8Document editing and corresponding author
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beyondR|no matter how large|do not signi�cantly a�ect the charge de nsity [58]. In other

words, there is a monotonically decreasing function, �� (r0; R), giving the density change at

r0 due to a perturbation of any magnitude atR, such that limR!1 � � = 0. Because many,

if not all, local properties derive from the electronic charge density, NEM can be restated

as a size constraint on properties. That is, there must be some Rp above which|and some

corresponding � � p below which|a perturbation will change a property p by a small amount

in comparison to the magnitude of the property itself.

Knowledge ofRp across a wide spectrum of molecular types, materials, and properties,

would be an invaluable pillar supporting the developing �eld of molecular and materials

design. With this knowledge the designer could determine theextent to which composi-

tional changes could meaningfully alter desired properties. Unfortunately, with only a few

exceptions, this knowledge does not exist.

One of the exceptions for which we possess knowledge ofRp comes from the �eld of or-

ganic chemistry, where molecular properties are recognized as emerging from the combined

action of a diverse though �nite set of functional groups [60]. Every functional group is

characterized by a set of chemical properties that change only slightly as the environment

in which it is embedded is altered. Within a NEM context a functional group is a structure

characterized by an inner and outer radius,Ri and Ro respectively. Perturbations or struc-

tural alterations beyondRo have no discernible a�ect on chemical and structural properties

while perturbations insideRi produce radical changes to these properties. Changes to the

structure or composition in the region betweenRi and Ro modify properties within some

narrow envelope. The structure contained withinRi is the functional group andRo we as-

sociate with Rp, where the properties of interest are the chemical and structural properties

of the functional group.

As pointed out by Pordan and Kohn [58], without the functionalgroup paradigm, it

would have been practically impossible to understanding the physics and chemistry of large

organic molecules and solids. Instead of trying to rationalize the properties of such systems
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as a whole, they have been studied and understood one \neighborhood at a time."

Because electronic matter is nearsighted, functional groups are present in all molecules

and materials, though their extent will depend on the material and property of interest.

Our objective is to identify the functional groups in materials where they are not currently

recognized, for example in metals and alloys. We begin this search with a speculation that

while Rp may vary from material to material, � � p will be more or less constant for the same

set of properties regardless of material. The �rst step in support of this speculation, which

is the subject of this paper, is to calculate �� p for a known set of organic functional groups

and compare their magnitudes. In subsequent investigations we will determine theRp of

metals that give rise � � p found here.

3.3 Methods

The charge densities were calculated using ADF 2016.101 [6{8]. All calculations used

an all-electron triple zeta polarized (TZP) basis set usinga \Very Good" Becke fuzzy cells

integration [61, 62]. The charge density was analyzed usingthe algorithm developed for ADF

by Rodriguez [63]. Calculations were run using six di�erentdensity functionals: the local

density approximation developed by Vosko, Wilk, and Nusair [64]; the BLYP functional with

the exchange term developed by Becke[44] and the correlation term by Lee, Yang, and Parr

[65{67]; the PBE functional by Perdew, Burke, and Ernzerhof[68]; the M06-L and M06-2X

functionals by Zhao and Truhlar [69, 70]; and the B3LYP hybridfunctional by Stephens,

Devlin, Chablowski, and Frisch [71].

To investigate the magnitudes of �� p we �rst need a test point within the charge density

and observe how the charge density changes upon perturbation of the external potential

(i.e. chemical substitutions). The test points chosen are the critical points (CPs) within

the charge density | points at where the charge density achieves extreme values in all

directions. The charge density is a 3D scalar function and therefore contains four distinct

kinds of critical points (CPs), points at where the charge density achieves extreme values in

all directions. These CPs are denoted by an index given by thenumber of principal positive
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curvatures minus the number of principal negative curvatures. For example, at a minimum,

the curvature in principal directions is positive; therefore, it is called a (3, +3) CP. The

�rst number is the number of dimensions of the space and the second is the net number

of positive curvatures. A maximum is denoted by (3, -3), because all three curvatures are

negative.

The two CPs of interest in this study are the saddle CPs: (3; � 1) and (3; +1). The

(3; � 1) CP which sits at the minimum along the charge density ridgeconnection nuclear

CPs and is accordingly know as the \bond CP". Similarly, the (3, +1) CP is required at the

center of ring structures (rings of bond ridges) and is knownas the \ring CP" [25, 26]. The

CPs are characterized by both the magnitude and curvature ofthe charge density at the CP.

The eigenvalues (� i ) of the Hessian matrix (a rank 2 tensor giving the second-order partial

derivatives of the charge density) provide the curvature atthe CP. Comparisons between

CPs (and hence �� p) are made by calculating the magnitude and curvature of the charge

at the CP and comparing how these metrics change as chemical substitutions are made near

the functional group.

3.4 Results

This manuscript investigates four distinct kinds of critical point (CP): the bond CP

associated with carbon-oxygen double bonds (carbonyls), the bond CP associated with

carbon-oxygen single bonds (C{O), the bond CP associated with oxygen-hydrogen bonds

(hydroxyls), and the ring CP in aromatic compounds. Values for the geometry of the charge

density at these CPs is given for molecules with acid, ester,alcohol, and ether groups (see

Figure 3.1) attached to hydrocarbon chains varying from 1 carbon to 4 carbons long (methyl

to n-butyl). The aromatic molecules investigated are mono-substituted benzenes where the

substituents are selected so as to provide a wide range of activating and deactivating groups

with respect to electrophillic attack.

This study compares dozens of molecules calculated across 6DFT functionals. The

expansiveness of the data-set makes it too bulky to provide in full in the manuscript and hence
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Figure 3.1: Methyl substituted versions of the functional groups studied.
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what is shown in the tables below are the mean and standard deviation across the 6 DFT

functionals for each CP. The full data set can be found in the accompanying supplementary

information.

3.4.1 Hydrocarbon Substituted

Carbonyl

Table 3.1 gives the mean and standard deviation for the carbonyl bond CP in the methyl,

ethyl, n-propyl, and n-butyl substituted acids, esters, and ketones. The three carbonyl

environments have magnitudes of� between 0.41{0.42 a.u., the mean negative curvatures

range from� 0:98 to � 1:15 a.u., and the mean positive curvatures range from 1.5{1.6a.u.

The standard deviations for the magnitude of the charge density at the bond CP for

carbonyls are relatively small, around 0.8%. There is a higher deviation between DFT

functionals for the values of curvature where the discrepancy comes from the M06 functionals,

where � 1, � 2, and � 3 have average relative standard deviations of 1.8%, 2.5%, and 5.9%.

Table 3.1 gives� 1, � 2, and � 3 for acetic acid, methyl acetate, and acetone demonstrates how

M06 values di�er from the other functionals.

Compared with the other bond CPs analyzed (hydroxyl and carbon-oxygen single bond),

the carbonyl has the largest magnitude of� , the largest positive positive curvature (� 3), and

the second largest negative curvature values (� 1 and � 2). The carbonyl bond CP where the

carbonyl carbon also makes a carbon-oxygen single bond, i.e. the acid and ester groups,

have larger magnitudes of the charge density, larger negative curvature values and smaller

positive curvature values when compared with the ketone carbonyl. It is important to note,

though, that the di�erences in curvature at the bond CP for the ester, acid, and ketone

carbonyls (Table 3.2) are smaller than the reported standard deviation. In spite of this,

Table 3.2 shows that the trends in curvature hold for a given functional, i.e. acids and esters

have a larger negative curvature compared to ketones.
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Table 3.1: Bond CP data for carbonyl (C=O) hydrocarbons.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CH3COOH 0.4242 0.0033 -1.153 0.021 -1.005 0.025 1.583737 0.090465

CH3CH2COOH 0.4233 0.0033 -1.149 0.021 -1.004 0.025 1.588054 0.091511
CH3(CH2)2COOH 0.4233 0.0033 -1.149 0.021 -1.004 0.025 1.589284 0.092557
CH3(CH2)3COOH 0.4231 0.0033 -1.147 0.021 -1.003 0.025 1.584569 0.09217
Esters

CH3COOCH3 0.4216 0.0032 -1.133 0.021 -0.99657 0.024848 1.562747 0.091806
CH3CH2COOCH2CH3 0.4200 0.0032 -1.128 0.022 -0.99242 0.024719 1.564764 0.091244

CH3(CH2)2COO(CH2)2CH3 0.4196 0.0032 -1.126 0.022 -0.99163 0.024593 1.56377 0.090975
CH3(CH2)3COO(CH2)3CH3 0.4197 0.0032 -1.126 0.021 -0.99182 0.02469 1.567108 0.08982

Ketones
CH3COCH3 0.412513 0.003398 -1.09025 0.021248 -0.98552 0.024447 1.630428 0.100236

CH3CH2COCH2CH3 0.411404 0.003493 -1.08154 0.018235 -0.98647 0.02385 1.632824 0.100903
CH3(CH2)2CO(CH2)2CH3 0.410963 0.003377 -1.07735 0.017876 -0.98505 0.024001 1.633209 0.099326
CH3(CH2)3CO(CH2)3CH3 0.410903 0.003369 -1.07736 0.018701 -0.98465 0.024089 1.63088 0.099944
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Table 3.2: Eigenvalues for the bond CP in the methyl substituted acid, ester, and ketone |
acetic acid, methyl acetate, and acetone, respectively.

CH3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

� 1 -1.14052 -1.15770 -1.13939 -1.12756 -1.18736 -1.16359
� 2 -1.00856 -1.01521 -1.00057 -0.95913 -1.03498 -1.01142
� 3 1.516071 1.505288 1.544956 1.703162 1.538123 1.69482

CH3COOCH3
LDA BLYP PBE M06-L B3LYP M06-2X

� 1 -1.12221 -1.13818 -1.12066 -1.10787 -1.16773 -1.14393
� 2 -0.99966 -1.00542 -0.99112 -0.95181 -1.02652 -1.0049
� 3 1.49502 1.482982 1.52319 1.685565 1.515869 1.673858

CH3COCH3
LDA BLYP PBE M06-L B3LYP M06-2X

� 1 -1.0852 -1.09731 -1.06487 -1.07129 -1.12331 -1.0995
� 2 -0.99413 -0.99935 -0.97896 -0.94213 -1.01374 -0.98481
� 3 1.546523 1.546573 1.583084 1.758392 1.591077 1.756918

Carbon-Oxygen Single Bond

Table 3.3 and Table 3.4 give the mean and standard deviation for the carbon-oxygen sin-

gle bond CP in the methyl, ethyl, n-propyl, and n-butyl substituted acids, esters, alcohols,

and ethers. Compared to the other bond CPs considered, the carbon-oxygen has the smallest

magnitude of the charge density and curvatures. There is also a clear distinction between

carbon-oxygen single bonds attached to carbonyls (acids and esters) and those where the

adjacent carbon is not a carbonyl carbon (alcohols, ethers,and the � -carbon-oxygen bond

in esters). The mean magnitude of the charge density for the carbonyl adjacent carbon-

oxygen single bond ranges from 0.296{0.301 a.u. and it ranges from 0.24{0.26 a.u. for

non-carbonyl adjacent | more than 4 standard deviations smaller than the acid and ester

values. Carbonyl-adjacent carbon-oxygen single bonds also have higher magnitude curva-

tures compared to their non-carbonyl-adjacent counterparts. Compared with the bond CPs

associated with carbonyl and hydroxyl bonds, the C{O bond CPs have the least amount of

charge density and lowest magnitude curvature at the bond CP.
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The standard deviations for the carbon-oxygen single bond possess a similar trend to that

seen in the carbonyl bond CP, with the charge density having alower deviation than the

curvatures. The relative stand deviation for the magnitudeof the charge density is around

0.6%. The curvatures for the carbonyl-adjacent C{O bond CPsas well as� 1 and � 2 for the

non-carbonyl adjacent C{O bond CPs was around 1.3{2.5%. Therelative standard deviation

for the positive curvature on the non-carbonyl adjacent C{Obond CPs is considerably higher,

around 5.5% (see Table 3.4). As was the case in the carbonyl bond CP, the deviation in

the magnitude of � 3 is due to variability between the M06 functionals and the other DFT

functionals.

Hydroxyl

Table 3.5 provides the mean and standard deviation for the hydroxyl bond CP in the

methyl, ethyl, n-propyl, and n-butyl substituted acids andalcohols. Of the CPs studied, the

hydroxyl bond has the second largest magnitude for the charge density (� 0.35 a.u.), greatest

magnitude for negative curvatures (� � 1:6 a.u.), and second greatest positive curvature

(� 1:4 a.u.). Unlike the carbonyl and carbon-oxygen single bond, the relative standard

deviation for the magnitude of the charge density (� 0.9%) is larger that relative stand

deviation for � 1 and � 2 (� 0.6%). Similar to the other bond CPs, the positive eigenvalue has

the largest relative standard deviation of roughly 2%.
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Table 3.3: Bond CP data for carbon-oxygen single bonds in hydrocarbons. Speci�cally this table contains C-O bonds that are
themselves attached to a carbonyl | which occurs in both acids and esters.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CH3COOH 0.2971 0.0016 -0.6716 0.0117 -0.6342 0.0146 0.6377 0.0080

CH3CH2COOH 0.2961 0.0016 -0.6635 0.0119 -0.6311 0.0145 0.6368 0.0081
CH3(CH2)2COOH 0.2958 0.0016 -0.6629 0.0119 -0.6298 0.0142 0.6357 0.0081
CH3(CH2)3COOH 0.2957 0.0016 -0.6627 0.0120 -0.6293 0.0143 0.6343 0.0081
Esters

CH3COOCH3 0.3010 0.0017 -0.6855 0.0124 -0.6340 0.0154 0.6620 0.0090
CH3CH2COOCH2CH3 0.2996 0.0017 -0.6739 0.0125 -0.6299 0.0140 0.6541 0.0090

CH3(CH2)2COO(CH2)2CH3 0.2996 0.0017 -0.6742 0.0128 -0.6298 0.0147 0.6532 0.0091
CH3(CH2)3COO(CH2)3CH3 0.2997 0.0017 -0.6742 0.0128 -0.6300 0.0146 0.6530 0.0091
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Table 3.4: Bond CP data for carbon-oxygen single bonds in hydrocarbons. Speci�cally this table contains C-O bonds that are
not attached to a carbonly carbon | which are found in alcohols, ethers, and esters.

Alcohols � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CH3OH 0.25440 0.00073 -0.4965 0.0112 -0.4880 0.0105 0.4522 0.0263

CH3CH2OH 0.25185 0.00065 -0.4949 0.0096 -0.4779 0.0101 0.4502 0.0282
CH3(CH2)2OH 0.25392 0.00073 -0.4948 0.0105 -0.4866 0.0101 0.4516 0.0266
CH3(CH2)3OH 0.25242 0.00071 -0.4894 0.0099 -0.4825 0.0100 0.4501 0.0282

CH3(CH2)3CH2OH 0.25678 0.00078 -0.4991 0.0103 -0.4953 0.0102 0.4599 0.0244
Ethers

CH3OCH3 0.26159 0.00087 -0.5192 0.0115 -0.5000 0.0110 0.4660 0.0237
CH3CH2OCH2CH3 0.25903 0.00078 -0.5164 0.0101 -0.4897 0.0107 0.4630 0.0262

CH3(CH2)2O(CH2)2CH3 0.25970 0.00083 -0.5175 0.0102 -0.4919 0.0107 0.4631 0.0246
CH3(CH2)3O(CH2)3CH3 0.25869 0.00083 -0.5136 0.0104 -0.4879 0.0107 0.4611 0.0255

Esters
CH3COOCH3 0.2416 0.0010 -0.4474 0.0125 -0.4398 0.0122 0.4428 0.0204

CH3CH2COOCH2CH3 0.2372 0.0011 -0.4341 0.0117 -0.4284 0.0121 0.4361 0.0229
CH3(CH2)2COO(CH2)2CH3 0.2382 0.0011 -0.4364 0.0117 -0.4313 0.0116 0.4361 0.0216
CH3(CH2)3COO(CH2)3CH3 0.2375 0.0011 -0.4342 0.0120 -0.4268 0.0120 0.4348 0.0218
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Table 3.5: Bond CP data for hydroxyl (O-H) bonds in hydrocarbons.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CH3COOH 0.3502 0.0034 -1.6686 0.0101 -1.6376 0.0094 1.3673 0.0260

CH3CH2COOH 0.3501 0.0034 -1.6680 0.0112 -1.6371 0.0105 1.3664 0.0271
CH3(CH2)2COOH 0.3502 0.0034 -1.6678 0.0109 -1.6368 0.0102 1.3651 0.0273
CH3(CH2)3COOH 0.3502 0.0034 -1.6674 0.0105 -1.6364 0.0098 1.3660 0.0270

Alcohols
CH3OH 0.3587 0.0033 -1.6749 0.0109 -1.6227 0.0110 1.4073 0.0268

CH3CH2OH 0.3585 0.0033 -1.6724 0.0105 -1.6216 0.0106 1.3992 0.0265
CH3(CH2)2OH 0.3577 0.0033 -1.6629 0.0097 -1.6125 0.0096 1.3858 0.0274
CH3(CH2)3OH 0.3591 0.0036 -1.6815 0.0100 -1.6300 0.0094 1.3894 0.0289

CH3(CH2)3CH2OH 0.3606 0.0037 -1.6912 0.0097 -1.6395 0.0091 1.3919 0.0291
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3.4.2 Halogen Substitution

To investigate the magnitude ofR0 for oxygen-containing functional groups a strong

electron-withdrawing was placed at a variety of distances from the group resulting in a

perturbation of the density (� � p) at the relevant bond CPs. This was done by substituting

various hydrogen atoms in the molecules discussed above forhalogen atoms, speci�cally


uorine, chlorine, and bromine. Fluorinated analogues of the molecules discussed above can

be found in Table 3.6{Table 3.9, chlorinated analogues can be found in Table 3.10{Table 3.13,

and the brominated analogues can be found in Table 3.14{Table 3.16.

Fluorine Substituted

Carbonyl | Table 3.6 provides the carbonyl bond CP metrics for the CF3 substituted

molecules. Comparisons between the CF3 values and their CH3 analogues (Table 3.1) shows

that all four metrics, the magnitude of charge density,� 1, � 2, and � 3 have larger absolute

values in the CF3 substituted molecules. For example, the mean magnitude of� increases

from roughly 0.42 a.u. to 0.43{0.44 a.u.. Relative to the hydrocarbon substituted molecules

the CF3 substituted acid shows the least change to the carbonyl bondCP with a 2% for

� , � 1, and � 2 and an 8% increase in� 3. The CF3 substituted ester and ketone show larger

increase in the bond CP metrics with increases around 4%{6% for � , � 1, and � 2 and an

16%{18% increase in� 3. It's also interesting to note that the ketone, CF3COCH3, has

values similar to that of the ester and acid carbonyl, showing that the presence of a single

CF3 alters the geometry much in the same way an electronegative oxygen perturbs the

carbonyl bond CP. The ester functional group o�ers an interesting opportunity to see how

placement of the 
uorinated carbon a�ects the carbonyl bondCP. For instance consider

the two molecules: CH3COOCF3 and CF3COOCH3. When the CF3 is attached to the

carbon-oxygen single bond of the ester, the bond CP metrics look similar to those found in

the doubly CF3 substituted, CF3COOCF3. Yet, when that CF3 moiety is placed opposite

the carbon-oxygen single bond, as is CH3COOCF3, the carbonyl more closely matches the

hydrocarbon substituted CH3COOCH3.
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The relative standard deviations are similar to that for hydrocarbons with � , � 1, � 2, and

� 3 having relative standard deviations around 0.8%, 2%, 3%, and 6%, respectively. As was

the case for the hydrocarbon substituted carbonyl bond CPs,the larger deviation in � 3 is

due to disagreement of the M06 functionals.

Carbon-oxygen single bond | Table 3.7 gives the 
uorinated carbonyl-adjacent carbon-

oxygen single bond metrics in both acid and ester functionalities. Unlike the hydrocarbon

case, the C{O bond CP shows a distinct character in the acid compared to the ester functional

group. The acid C{O bond CP, like the carbonyl bond CP, has a larger magnitude for the

charge density and its curvature upon 
uoridation of the� -carbon. The ester C{O bond

CP, on the other hand, shows a decrease in both the magnitude and curvatures of the charge

density at the bond CP. Comparing CH3COOCF3 and CF3COOCH3 shows the in
uence

halogen placement has on the C{O bond CPs. Placing electron-withdrawing groups on

either side of the bond, as is the case in CF3COOCF3, causes a decrease in the magnitude

in the bond CP metrics which is similar to the changes to the carbonyl-adjacent C{O bond

CP present in CH3COOCF3. While having the electron-withdrawing groups concentrated

on the carbonyl side of the bond, as is the case in CF3COOCH3, causes an increase in the

magnitude of the charge density and its curvatures at the bond CP | forcing the C{O bond

CP in CF3COOCH3 to resemble that seen in the acid CF3COOH. The acid is constrained by

its molecular geometry to only be able to add electron-withdrawing group to the carbonyl

side of the C{O bond, which accounts for the consistent increase in bond CP metrics as the


uorinated group is placed closer to the acid functionality.
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Table 3.6: Bond CP data for carbonyl (C=O) bonds in a selection of 
uorinated molecules.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CF3COOH 0.4331 0.0035 -1.1720 0.0237 -1.0160 0.0264 1.7162 0.0965

CF3CH2COOH 0.4276 0.0033 -1.1629 0.0215 -1.0062 0.0255 1.6264 0.0937
CF3(CH2)2COOH 0.4241 0.0033 -1.1464 0.0214 -1.0052 0.0256 1.5932 0.0925
CF3(CH2)3COOH 0.4229 0.0033 -1.1424 0.0211 -1.0048 0.0248 1.5865 0.0924
Esters

CF3COOCF3 0.4419 0.0036 -1.2032 0.0253 -1.0375 0.0273 1.8538 0.1033
CF3CH2COOCH2CF3 0.4300 0.0034 -1.1641 0.0226 -1.0154 0.0256 1.6826 0.0963

CF3(CH2)2COO(CH2)2CF3 0.4220 0.0032 -1.1302 0.0220 -0.9983 0.0248 1.5946 0.0907
CF3(CH2)3COO(CH2)3CF3 0.4201 0.0033 -1.1234 0.0212 -0.9976 0.0241 1.5697 0.0931

CH3COOCF3 0.4428 0.0036 -1.2051 0.0253 -1.0397 0.0272 1.8738 0.1047
CF3COOCH3 0.4298 0.0034 -1.1527 0.0232 -1.0041 0.0259 1.6896 0.0956

CF3CF2COOCF2CF3 0.4366 0.0035 -1.2009 0.0239 -1.0391 0.0265 1.7669 0.0993
Ketones

CF3COCF3 0.4309 0.0050 -1.1540 0.0287 -1.0248 0.0288 1.9024 0.1366
CF3CH2COCH2CF3 0.4239 0.0055 -1.1213 0.0174 -1.0020 0.0274 1.7577 0.1091

CF3(CH2)2CO(CH2)2CF3 0.4158 0.0049 -1.0968 0.0187 -0.9934 0.0251 1.6781 0.1005
CF3(CH2)3CO(CH2)3CF3 0.4120 0.0035 -1.0819 0.0181 -0.9882 0.0233 1.6446 0.1008

CF3COCH3 0.4225 0.0041 -1.1266 0.0270 -1.0070 0.0268 1.7675 0.1187
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The percent changes relative to the carbonyl adjacent C{O bond CPs reveal that the

acid C{O bond CP has a similar percent changes to those seen inthe acid carbonyl bond

CP with a percent increase around 5% for� , 9% for � 1, 6% for � 2, and 11% for� 3. The

percent change to the carbonyl-adjacent ester posses a moreinteresting trend. For the doubly

substituted CF3COOCF3 there is a decrease in the bonding metrics of� 4% for � , � 5% for

� 1, � 3% for � 2, and (excluding the outlying increase of 27% seen in the M06-2X functional) a

decrease around� 4% to � 7%. As mentioned above, the unevenly substituted CF3COOCH3

and CH3COOCF3 show the most drastic changes. CF3COOCH3 has a percent increase of

4%, 9%, 6%, and 15% for� , � 1, � 2, and � 3 respectively. While CH3COOCF3 has a more

dramatic percent decrease of� 12% for � , � 19% for � 1, � 15% for � 2, � 17% for � 3.

The non-carbonyl-adjacent carbon-oxygen single bond (Table 3.8) shows the same trend

as acid carbonyl and acid carbon-oxygen single bond | the magnitude of the charge den-

sity and its curvatures increase in close proximity to the strong electron-withdrawing CF3

moiety. Unlike the carbonyl-adjacent C{O, mixed placement of electron-withdrawing and

hydrocarbon groups causes a decrease in the magnitude and curvatures of the density for

the O{CH x bond CPs. This is seen in both the O{CH3 bond in CF3OCH3 (ether) and

CF3COOCH3 (ester). C{O bonds directly attached to the CF3 moiety show an increase in

bond CP metrics, such as in CF3OCF3 and the CF3{OCH 3 bond CP in the ether groups

and in the ester CF3COOCF3.

Percent changes to the non-carbonyl adjacent C{O bond CP shows the greatest change

of all the bond CPs studied. The alcohol and CF3COOCF3 ester C{O bond CPs had similar

percent increases of 22%{28% for� , 56%{62% for� 1, 54% for � 2, and 32% for� 3. Similar

to what was seen for the carbonyl-adjacent ester C{O bond CP,CF3COOCH3 saw a small

decrease in the bond CP metrics (between -1% and -5% for all metrics). While the bond CP

in CH3COOCF3, being closer to the CF3 moiety, saw a drastic increase of 18% for� , 49%

for � 1, 37% for � 2, and 22% for� 3. For the ethers studied, the CF3OCF3 C{O bond CP

has a smaller percent increase of around 14% for� , 35%{37% for � 1 and � 2, and 27%� 3.
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As was the case for the ester molecules, ethers with mixed substitution saw changes to the

CPs dependent on where the halogen substitution takes place. For example, in CF3OCH3

the C{O bond CP close to the CF3 group saw an increase in the bond CP metrics (28% for

� , 63%{66% for � 1 and � 2, and 31% for� 3) and the bond CP attached to the CH3 group

saw a decrease in the CP metrics of -9% for� , -19% for � 1, -15% for � 2, and -7% for� 3.

The relative standard deviations for the 
uorinated carbonyl-adjacent C{O bond CPs

is similar to that of their non-
uorinated analogues (see Table 3.3) with relative standard

deviations around 1% and 3% for the magnitude and curvaturesof the charge density, re-

spectively. A notable exception is the larger relative standard deviation seen in the carbonyl

adjacent CF3COOCF3 of 14%, due to the outlying value from the M06-2X functional.

Hydroxyl | The e�ects of 
uoridation on the hydroxyl bond CP is provided in Table 3.9.

Comparing Table 3.9 with Table 3.5 shows that the addition ofneighboring 
uoride groups

has no appreciable a�ect on the charge density at the hydroxyl bond CP, with the magnitudes

and standard deviations remaining consistent between boththe hydrocarbon molecules and

their 
uorinated counterparts. The percent di�erences forthe 
uorine containing molecules

were all less than 2% and so on the same order as the relative standard deviations for the

hydroxyl bond CPs.

Chlorine and Bromine Substituted

Calculations involving chlorine and bromine substitutions show similar trends to the


uorinated molecules. The carbonyl and carbon-oxygen single bond CPs show an increase

in the magnitude of the charge density and curvature at the CP. For instance, compare

Table 3.10 and Table 3.14 with Table 3.6, Table 3.11 and Table3.15 with Table 3.7, and

Table 3.12 and Table 3.17 with Table 3.8. The hydroxyl bond CPfor the chlorinated and

brominated molecules (Table 3.13 and Table 3.16) did not appreciably change relative to

the hydrogenated hydroxyl bond CPs ( Table 3.5), similar to the hydroxyl bond CP in the


uorinated compounds. The magnitudes of the errors also closely match those seen in the


uorinated molecules. The one exception are the brominatedthe non-carbonyl adjacent
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Table 3.7: Bond CP data for carbon-oxygen single bonds in molecules that contain a 
uorinated carbon moiety. Speci�cally
this table contains C-O bonds that are themselves attached to a carbonyl | which occurs in both acids and esters.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CF3COOH 0.3116 0.0018 -0.7250 0.0130 -0.6679 0.0156 0.7037 0.0149

CF3CH2COOH 0.3040 0.0017 -0.6995 0.0119 -0.6484 0.0147 0.6673 0.0104
CF3(CH2)2COOH 0.3011 0.0016 -0.6854 0.0119 -0.6461 0.0151 0.6523 0.0095
CF3(CH2)3COOH 0.2997 0.0016 -0.6784 0.0119 -0.6423 0.0145 0.6465 0.0090
Esters

CF3COOCF3 0.2883 0.0041 -0.6415 0.0423 -0.6113 0.0509 0.6515 0.0903
CF3CH2COOCH2CF3 0.2941 0.0017 -0.6594 0.0123 -0.6095 0.0136 0.6289 0.0087

CF3(CH2)2COO(CH2)2CF3 0.3007 0.0017 -0.6789 0.0119 -0.6334 0.0155 0.6525 0.0096
CF3(CH2)3COO(CH2)3CF3 0.3014 0.0018 -0.6798 0.0129 -0.6360 0.0149 0.6581 0.0103

CH3COOCF3 0.2640 0.0014 -0.5489 0.0101 -0.5343 0.0101 0.5472 0.0232
CF3COOCH3 0.3132 0.0106 -0.7384 0.0243 -0.6702 0.0213 0.7551 0.0423

CF3CF2COOCF2CF3 0.2837 0.0016 -0.6113 0.0121 -0.5812 0.0120 0.6135 0.0086
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Table 3.8: Bond CP data for carbon-oxygen single bonds in molecules that contain a 
uorinated carbon moiety. Speci�cally
this table contains C-O bonds that are not attached to a carbonly carbon | which are found in alcohols, ethers, and esters.

Alcohols � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CF3OH 0.3248 0.0016 -0.8013 0.0136 -0.7521 0.0145 0.5967 0.0367

CF3CH2OH 0.2678 0.0008 -0.5370 0.0109 -0.5280 0.0104 0.4715 0.0260
CF3(CH2)2OH 0.2595 0.0007 -0.5134 0.0095 -0.5042 0.0105 0.4600 0.0286
CF3(CH2)3OH 0.2577 0.0007 -0.5035 0.0100 -0.5017 0.0098 0.4578 0.0282

CF3(CH2)3CH2OH 0.2504 0.0007 -0.4888 0.0101 -0.4720 0.0103 0.4470 0.0281
CF3CH(OH)CH3 0.2641 0.0007 -0.5302 0.0095 -0.5159 0.0098 0.4661 0.0287

C3F7CH2OH 0.2681 0.0007 -0.5371 0.0110 -0.5263 0.0101 0.4693 0.0269
(C3F7)2CHOH 0.2749 0.0008 -0.5538 0.0111 -0.5440 0.0087 0.4758 0.0296

Ethers
CF3OCF3 0.2966 0.0018 -0.6996 0.0141 -0.6722 0.0182 0.5873 0.0729

CF3CH2OCH2CF3 0.2660 0.0009 -0.5381 0.0108 -0.5074 0.0118 0.4710 0.0236
CF3(CH2)2O(CH2)2CF3 0.2603 0.0008 -0.5231 0.0100 -0.4909 0.0111 0.4624 0.0263
CF3(CH2)3O(CH2)3CF3 0.2601 0.0009 -0.5187 0.0104 -0.4913 0.0109 0.4636 0.0250

CF3{OCH 3 0.3313 0.0017 -0.8214 0.0136 -0.7658 0.0152 0.6075 0.0372
CF3O{CH 3 0.2354 0.0012 -0.4199 0.0134 -0.4166 0.0125 0.4304 0.0175

Esters
CF3COOCF3 0.2920 0.0012 -0.6849 0.0107 -0.6632 0.0104 0.5736 0.0425

CF3CH2COOCH2CF3 0.2506 0.0010 -0.4730 0.0107 -0.4671 0.0129 0.4566 0.0199
CF3(CH2)2COO(CH2)2CF3 0.2402 0.0010 -0.4431 0.0094 -0.4341 0.0104 0.4371 0.0217
CF3(CH2)3COO(CH2)3CF3 0.2343 0.0011 -0.4223 0.0116 -0.4165 0.0128 0.4307 0.0230

CF3CF2COOCF2CF3 0.2816 0.0011 -0.6536 0.0101 -0.5919 0.0094 0.5320 0.0382
CF3COOCH3 0.2339 0.0013 -0.4179 0.0138 -0.4125 0.0134 0.4337 0.0173
CH3COOCF3 0.3056 0.0014 -0.7292 0.0120 -0.7033 0.0117 0.5835 0.0417
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Table 3.9: Bond CP data for hydroxyl (O-H) bonds in molecules that contain a 
uorinated carbon moiety.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CF3COOH 0.3473 0.0034 -1.6677 0.0125 -1.6407 0.0118 1.3531 0.0271

CF3CH2COOH 0.3489 0.0034 -1.6687 0.0119 -1.6399 0.0111 1.3599 0.0270
CF3(CH2)2COOH 0.3497 0.0033 -1.6704 0.0111 -1.6401 0.0104 1.3588 0.0274
CF3(CH2)3COOH 0.3498 0.0034 -1.6696 0.0111 -1.6391 0.0103 1.3593 0.0273

Alcohols
CF3OH 0.3500 0.0034 -1.6744 0.0123 -1.6367 0.0122 1.3588 0.0271

CF3CH2OH 0.3559 0.0033 -1.6778 0.0111 -1.6290 0.0111 1.3807 0.0275
CF3(CH2)2OH 0.3571 0.0035 -1.6828 0.0096 -1.6336 0.0094 1.3836 0.0277
CF3(CH2)3OH 0.3590 0.0036 -1.7003 0.0101 -1.6494 0.0094 1.3854 0.0284

CF3(CH2)3CH2OH 0.3583 0.0033 -1.6764 0.0104 -1.6262 0.0105 1.3962 0.0261
(C3F7)2CHOH 0.3520 0.0035 -1.6714 0.0100 -1.6252 0.0100 1.3480 0.0282

C3F7CH2OH 0.3559 0.0034 -1.6817 0.0109 -1.6331 0.0106 1.3738 0.0275
CF3CH(OH)CH3 0.3559 0.0034 -1.6767 0.0108 -1.6285 0.0108 1.3742 0.0274
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Table 3.10: Bond CP data for carbonyl (C=O) bonds in a selection of chlorine containing molecules.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ]
CCl3COOH 0.4328 0.0034 -1.1675 0.0232 -1.0150 0.0270 1.7043 0.0968

CCl3CH2COOH 0.4291 0.0034 -1.1627 0.0222 -1.0133 0.0255 1.6514 0.0955
CCl3(CH2)2COOH 0.4257 0.0033 -1.1567 0.0215 -1.0072 0.0258 1.6108 0.0935
CCl3(CH2)3COOH 0.4236 0.0033 -1.1481 0.0211 -1.0038 0.0256 1.5892 0.0925
Esters

CCl3COOCCl3 0.4410 0.0036 -1.1972 0.0243 -1.0345 0.0275 1.8449 0.1036
CCl3CH2COOCH2CCl3 0.4267 0.0033 -1.1549 0.0231 -1.0016 0.0255 1.6340 0.0942

CCl3(CH2)2COO(CH2)2CCl3 0.4239 0.0033 -1.1396 0.0228 -1.0019 0.0252 1.5983 0.0938
CCl3(CH2)3COO(CH2)3CCl3 0.4199 0.0032 -1.1251 0.0214 -0.9918 0.0246 1.5632 0.0919

Ketones
CCl3COCCl3 0.4345 0.0037 -1.1653 0.0234 -1.0423 0.0281 1.9355 0.1119

CCl3CH2COCH2CCl3 0.4227 0.0035 -1.1222 0.0208 -1.0037 0.0248 1.7495 0.1072
CCl3(CH2)2CO(CH2)2CCl3 0.4142 0.0034 -1.0907 0.0190 -0.9902 0.0247 1.6571 0.1009
CCl3(CH2)3CO(CH2)3CCl3 0.4101 0.0035 -1.0751 0.0175 -0.9811 0.0234 1.6253 0.0992
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Table 3.11: Bond CP data for carbon-oxygen single bonds in molecules that contain a chlorinated carbon moiety. Speci�cally
this table contains C-O bonds that are themselves attached to a carbonyl | which occurs in both acids and esters.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CCl3COOH 0.3112 0.0016 -0.7241 0.0119 -0.6656 0.0154 0.6844 0.0116

CCl3CH2COOH 0.3008 0.0016 -0.6845 0.0117 -0.6411 0.0146 0.6452 0.0083
CCl3(CH2)2COOH 0.2973 0.0016 -0.6692 0.0118 -0.6327 0.0143 0.6413 0.0082
CCl3(CH2)3COOH 0.2974 0.0016 -0.6693 0.0119 -0.6335 0.0146 0.6418 0.0084
Esters

CCl3COOCCl3 0.2879 0.0015 -0.6298 0.0117 -0.5936 0.0126 0.6133 0.0106
CCl3CH2COOCH2CCl3 0.3001 0.0018 -0.6798 0.0128 -0.6265 0.0141 0.6729 0.0127

CCl3(CH2)2COO(CH2)2CCl3 0.2983 0.0018 -0.6690 0.0136 -0.6256 0.0143 0.6500 0.0092
CCl3(CH2)3COO(CH2)3CCl3 0.3008 0.0017 -0.6784 0.0128 -0.6327 0.0146 0.6559 0.0094
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Table 3.12: Bond CP data for carbon-oxygen single bonds in molecules that contain a chlorinated carbon moiety. Speci�cally
this table contains C-O bonds that are not attached to a carbonly carbon | which are found in alcohols, ethers, and esters.

Alcohols � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CCl3CH2OH 0.27129 0.00081 -0.5510 0.0100 -0.5382 0.0111 0.4806 0.0238

CCl3(CH2)2OH 0.25944 0.00052 -0.5112 0.0075 -0.5028 0.0086 0.4647 0.0306
CCl3(CH2)3OH 0.25715 0.00070 -0.5026 0.0093 -0.4998 0.0101 0.4573 0.0284

CCl3(CH2)3CH2OH 0.25134 0.00068 -0.4853 0.0102 -0.4797 0.0095 0.4485 0.0282
Esters

CCl3COOCCl3 0.27818 0.00156 -0.6017 0.0222 -0.5772 0.0100 0.5120 0.0417
CCl3CH2COOCH2CCl3 0.25111 0.00103 -0.4938 0.0104 -0.4622 0.0124 0.4577 0.0214

CCl3(CH2)2COO(CH2)2CCl3 0.24031 0.00103 -0.4419 0.0114 -0.4338 0.0127 0.4393 0.0211
CCl3(CH2)3COO(CH2)3CCl3 0.23823 0.00111 -0.4342 0.0120 -0.4301 0.0124 0.4350 0.0220

Ethers
CCl3OCCl3 0.2779 0.0010 -0.5926 0.0090 -0.5656 0.0096 0.5086 0.0355

CCl3CH2OCH2CCl3 0.2674 0.0010 -0.5485 0.0106 -0.5096 0.0121 0.4775 0.0223
CCl3(CH2)2O(CH2)2CCl3 0.2603 0.0008 -0.5217 0.0100 -0.4901 0.0110 0.4628 0.0258
CCl3(CH2)3O(CH2)3CCl3 0.2599 0.0008 -0.5178 0.0101 -0.4905 0.0107 0.4634 0.0247

CCl3{OCH 3 0.31469 0.00155 -0.7186 0.0115 -0.6675 0.0143 0.5635 0.0273
CCl3O{CH 3 0.23634 0.00109 -0.4211 0.0131 -0.4147 0.0125 0.4391 0.0153
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Table 3.13: Bond CP data for hydroxyl (O-H) bonds in moleculesthat contain a chlorinated carbon moiety.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CCl3COOH 0.3482 0.0034 -1.6743 0.0127 -1.6448 0.0122 1.3632 0.0268

CCl3CH2COOH 0.3491 0.0034 -1.6696 0.0116 -1.6396 0.0109 1.3614 0.0273
CCl3(CH2)2COOH 0.3496 0.0034 -1.6700 0.0112 -1.6399 0.0104 1.3633 0.0268
CCl3(CH2)3COOH 0.3500 0.0034 -1.6683 0.0106 -1.6380 0.0100 1.3639 0.0271

Alcohols
CCl3CH2OH 0.3544 0.0034 -1.6718 0.0107 -1.6254 0.0104 1.3722 0.0281

CCl3(CH2)2OH 0.3554 0.0044 -1.6834 0.0108 -1.6345 0.0102 1.3789 0.0327
CCl3(CH2)3OH 0.3568 0.0037 -1.6838 0.0103 -1.6332 0.0094 1.3857 0.0288

CCl3(CH2)3CH2OH 0.3597 0.0035 -1.6829 0.0093 -1.6302 0.0088 1.3941 0.0282
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Table 3.14: Bond CP data for carbonyl (C=O) bonds in a selection of brominated molecules.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CBr3COOH 0.4320 0.0034 -1.1656 0.0226 -1.0135 0.0260 1.6888 0.0969

CBr3CH2COOH 0.4287 0.0034 -1.1610 0.0219 -1.0125 0.0250 1.6503 0.0960
CBr3(CH2)2COOH 0.4256 0.0033 -1.1564 0.0215 -1.0073 0.0257 1.6110 0.0937
CBr3(CH2)3COOH 0.4237 0.0033 -1.1491 0.0214 -1.0040 0.0258 1.5936 0.0929
Esters

CBr3COOCBr3 0.4401 0.0036 -1.1950 0.0236 -1.0318 0.0260 1.8320 0.1035
CBr3CH2COOCH2CBr3 0.4264 0.0033 -1.1527 0.0229 -1.0025 0.0254 1.6271 0.0936

CBr3(CH2)2COO(CH2)2CBr3 0.4289 0.0034 -1.1749 0.0218 -1.0104 0.0259 1.6523 0.0969
CBr3(CH2)3COO(CH2)3CBr3 0.4212 0.0032 -1.1296 0.0220 -0.9979 0.0243 1.5800 0.0927

Ketones
CBr3COCBr3 0.4330 0.0038 -1.1570 0.0203 -1.0367 0.0258 1.8894 0.1060

CBr3CH2COCH2CBr3 0.4224 0.0035 -1.1198 0.0203 -1.0048 0.0239 1.7564 0.1068
CBr3(CH2)2CO(CH2)2CBr3 0.4136 0.0034 -1.0875 0.0185 -0.9901 0.0243 1.6553 0.1011
CBr3(CH2)3CO(CH2)3CBr3 0.4099 0.0033 -1.0750 0.0179 -0.9804 0.0228 1.6237 0.1017
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Table 3.15: Bond CP data for carbon-oxygen single bonds in molecules that contain a brominated carbon moiety. Speci�cally
this table contains C-O bonds that are themselves attached to a carbonyl | which occurs in both acids and esters.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CBr3COOH 0.3106 0.0017 -0.7225 0.0121 -0.6638 0.0151 0.6776 0.0116

CBr3CH2COOH 0.3010 0.0016 -0.6847 0.0118 -0.6418 0.0145 0.6456 0.0085
CBr3(CH2)2COOH 0.2973 0.0016 -0.6690 0.0119 -0.6326 0.0144 0.6409 0.0083
CBr3(CH2)3COOH 0.2969 0.0016 -0.6671 0.0119 -0.6324 0.0144 0.6391 0.0082
Esters

CBr3COOCBr3 0.2856 0.0014 -0.6226 0.0116 -0.5859 0.0121 0.6037 0.0125
CBr3CH2COOCH2CBr3 0.2941 0.0222 -0.6556 0.0866 -0.6078 0.0818 0.6425 0.1040

CBr3(CH2)2COO(CH2)2CBr3 0.2911 0.0017 -0.6457 0.0124 -0.6022 0.0139 0.6184 0.0095
CBr3(CH2)3COO(CH2)3CBr3 0.2976 0.0017 -0.6658 0.0126 -0.6221 0.0134 0.6460 0.0083
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Table 3.16: Bond CP data for hydroxyl (O-H) bonds in moleculesthat contain a brominated carbon moiety.

Acids � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CCl3COOH 0.3483 0.0034 -1.6740 0.0126 -1.6437 0.0121 1.3632 0.0268

CCl3CH2COOH 0.3492 0.0034 -1.6700 0.0115 -1.6400 0.0108 1.3614 0.0273
CCl3(CH2)2COOH 0.3496 0.0034 -1.6704 0.0111 -1.6403 0.0103 1.3633 0.0268
CCl3(CH2)3COOH 0.3501 0.0034 -1.6687 0.0108 -1.6382 0.0102 1.3639 0.0271

Alcohols
CCl3CH2OH 0.3537 0.0035 -1.6690 0.0104 -1.6233 0.0100 1.3677 0.0285

CCl3(CH2)2OH 0.3563 0.0036 -1.6826 0.0100 -1.6332 0.0096 1.3845 0.0285
CCl3(CH2)3OH 0.3554 0.0037 -1.6742 0.0107 -1.6237 0.0098 1.3796 0.0290

CCl3(CH2)3CH2OH 0.3597 0.0035 -1.6827 0.0094 -1.6300 0.0089 1.3934 0.0283
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Table 3.17: Bond CP data for carbon-oxygen single bonds in molecules that contain a brominated carbon moiety. Speci�cally
this table contains C-O bonds that are not attached to a carbonly carbon | which are found in alcohols, ethers, and esters.

Alcohols � [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
CBr3CH2OH 0.27123 0.00086 -0.5514 0.0101 -0.5374 0.0113 0.4817 0.0233

CBr3(CH2)2OH 0.25962 0.00070 -0.5125 0.0094 -0.5049 0.0104 0.4600 0.0286
CBr3(CH2)3OH 0.25717 0.00071 -0.5023 0.0092 -0.4998 0.0103 0.4573 0.0284

CBr3(CH2)3CH2OH 0.25144 0.00069 -0.4855 0.0102 -0.4800 0.0095 0.4486 0.0281
Esters

CBr3COOCBr3 0.27881 0.00172 -0.5850 0.0119 -0.5676 0.0121 0.5044 0.0294
CBr3CH2COOCH2CBr3 0.24983 0.00108 -0.4899 0.0107 -0.4578 0.0130 0.4571 0.0212

CBr3(CH2)2COO(CH2)2CBr3 0.24512 0.00099 -0.4568 0.0105 -0.4512 0.0121 0.4440 0.0229
CBr3(CH2)3COO(CH2)3CBr3 0.23835 0.00108 -0.4331 0.0115 -0.4302 0.0125 0.4383 0.0222

Ethers
CBr3OCBr3 0.2771 0.0014 -0.5762 0.0119 -0.5505 0.0122 0.5037 0.0256

CBr3CH2OCH2CBr3 0.2666 0.0010 -0.5640 0.0441 -0.5256 0.0481 0.4807 0.0291
CBr3(CH2)2O(CH2)2CBr3 0.2597 0.0008 -0.5190 0.0103 -0.4889 0.0114 0.4619 0.0256
CBr3(CH2)3O(CH2)3CBr3 0.2600 0.0009 -0.5171 0.0104 -0.4901 0.0109 0.4642 0.0242

CBr3{OCH 3 0.31626 0.00210 -0.7147 0.0140 -0.6638 0.0162 0.5960 0.0141
CBr3O{CH 3 0.23441 0.00093 -0.4146 0.0123 -0.4066 0.0118 0.4369 0.0154
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carbon-oxygen single bonds (Table 3.17), which have relative standard deviations around

double those seen in the 
uorinated and chlorinated molecules. The magnitude of the rela-

tive standard deviations are still relatively small, though, with around 2% and 4% relative

standard deviations for the magnitude and curvatures of thecharge density respectively.

3.4.3 Finding Functionality

As mentioned in the introduction the functional group is characterized by an inner and

outer radius, Ri and Ro. A change to the external potential within Ri would result in

signi�cant changes to � � | e.g. changing the external potential (i.e. change the atoms in

the group) such that a hydroxyl bond becomes a carbon-oxygensingle bond, as would be the

case in going from an acid to an ester or an alcohol to an ether.It would follow then that

each bond CP type (carbonyl, carbon-oxygen single bond, andhydroxyl) is constrained to a

speci�c range of geometric values within the charge density. The di�erences between bond

CP types is greater than the di�erences seen by either the addition of halogen atoms or use

of di�erent DFT functionals. These di�erences are well represented by comparing the bond

CP metrics for the CH3 substituted functionalities, Figure 3.2 gives the charge density at the

respective bond CPs while Figure 3.3, Figure 3.4, and Figure 3.5show the three curvatures

of the density. These �gures show that the variability within a bond type (e.g. carbonyl)

are on the order of the standard deviation for a given bond CP while di�erences between

bond types (e.g. carbonyl vs. hydroxyl) are considerably larger when compared with the

bond CPs standard deviations.

Another way to see the clear di�erences between the bond CPs ofthe bond types inves-

tigated involves comparing the respective �rst and third quartile values of the full data-set

(hydrocarbon and halogen) we can get an idea of a reasonable range for the bond CP met-

rics for a variety of bonds. For example, comparing the smaller �rst quartile value for the

carbonyl bond CP density to the larger third quartile value for the hydroxyl to get an ap-

proximation of the lower bound for the relative magnitudes of the two values and comparing

the third quartile of � at the carbonyl bond CP with the �rst quartile of the hydroxyl bond
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Figure 3.2: The mean magnitude of charge at the bond CP for the -CH3 substituted
molecules. \CO{O" represents a single carbon-oxygen bond where the carbon is a carbonyl
carbon. \C{O" represents a single carbon-oxygen bond wherethe carbon is the methyl group
(-CH3). The error bars represent the standard deviation.
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Figure 3.3: The mean curvature (e1) of charge density at the bond CP for for the -CH3
substituted molecules. \CO{O" represents a single carbon-oxygen bond where the carbon
is a carbonyl carbon. \C{O" represents a single carbon-oxygen bond where the carbon is
the methyl group (-CH3). The error bars represent the standard deviation. The error bars
represent the standard deviation.
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Figure 3.4: The mean curvature (e2) of charge density at the bond CP for for the -CH3
substituted molecules. \CO{O" represents a single carbon-oxygen bond where the carbon
is a carbonyl carbon. \C{O" represents a single carbon-oxygen bond where the carbon is
the methyl group (-CH3). The error bars represent the standard deviation. The error bars
represent the standard deviation.
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Figure 3.5: The mean curvature (e3) of charge density at the bond CP for for the -CH3
substituted molecules. \CO{O" represents a single carbon-oxygen bond where the carbon
is a carbonyl carbon. \C{O" represents a single carbon-oxygen bond where the carbon is
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CP provides an upper bound on the range (see Table 3.18). Doing this we see that the

magnitude of the charge density at the carbonyl bond CP is around 40%{68% larger than

the for the C{O bond CP and 15%{23% larger than that of the hydroxyl bond CP. The

magnitude of the negative curvatures for the hydroxyl bond is 150%{243% larger than the

negative curvatures for the C{O and 44%{67% larger than the carbonyl negative curvatures.

The magnitude of� 3 for the carbonyl bond CP is 140%{285% and 10%{30% larger thanthe

C{O and hydroxyl bond CPs respectively. All of these di�erences are larger than the relative

standard deviations reported above. Even the smaller di�erences seen between� and � 3 for

the hydroxyl and carbonyl, as discussed in more detail belowand shown in Table 3.19, do

not have overlap between the values for all of the bond CP metrics. In general the overall

magnitude of the di�erence between CP metrics for the di�erent bond types (i.e. carbonyl

vs. carbon-oxygen single bond vs. hydroxyl) are equal-to orgreater-than 0.05{0.06 a.u. for

� and 0.3 a.u. for� values.

Table 3.18: Inter-Quartile Range values.

� � 1 & � 2 � 3

C-O Q1 0.255764 -0.65276 0.456155
Q3 0.298072 -0.48764 0.638398

C=O Q1 0.415448 -1.13517 1.54649
Q3 0.43002 -0.99989 1.758484

O-H Q1 0.350262 -1.67556 1.352751
Q3 0.358365 -1.63434 1.396515

Considering the overlap between bond CP types for any of the four metrics (� , � 1, � 2,

and � 3) across all six DFT functionals studied shows that the di�erences between the bonds

that make up a functional group, and hence the di�erences between the functional groups

themselves, is greater than the di�erence between di�erentDFT functional. Table 3.19 gives

the relevant minimum and maximum values calculated for a given bond CP types across all

molecules and functionals (full tables of the bond CP metrics for all calculations can be found

in the supplementary information). Note how there is not any overlap between bond CP
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metrics across all bond CPs and DFT functionals studied. For example, the carbon-oxygen

single bond with the most charge at the bond CP still has less charge than the hydroxyl

with the least amount of charge at the bond CP. In turn, the hydroxyl bond CP with the

most amount of charge is still less than the carbonyl bond CP with the least amount of

charge. This demonstrates that the di�erences in the chargedensity between the di�erent

bond CP types is greater than the di�erence for a given bond CPcalculated across a variety

of functionals.

Table 3.19: Minimum and maximum calculated values for the bond CP types investigated.
C{O denotes the carbon-oxygen single bond CP, O{H denotes the hydroxyl bond CP, and
C=O denotes the carbonyl bond CP. Note how there is not overlapfor any of the bond CP
metrics for any bond CP type.

Value Molecule DFT Functional
�

max C{O 0.33441 CF3{OCH 3 B3LYP
min O{H 0.34079 CF3COOH LDA
max O{H 0.36281 CH3(CH2)3CH2OH B3LYP
min C=O 0.40462 CCl3(CH2)3COO(CH2)3CCl3 M06-L
� 1 and � 2

min C{O -0.84408 CF3{OCH 3 B3LYP
max C=O -0.93698 CCl3(CH2)3CO(CH2)3CCl3 M06-L
min C=O -1.24294 CH3COOCF3 B3LYP
min O{H -1.59760 CH3(CH2)2OH BLYP

� 3

max C{O 0.83481 CF3COOCF3 M06-2X
min O{H 1.30400 (C3F7)2CHOH LDA
max O{H 1.44302 CH3OH BLYP
min C=O 1.48298 CH3COOCH3 BLYP

3.4.4 Halogen Proximity and Rp

Continuing with the idea presented in the introduction that there exists some outer

radius (Ro) for functional groups, or more speci�cally that there exists someRp, beyond

which perturbations to the external potential do not appreciably alter a given property.

We expect that the values ofRp to vary depending on the property of interest. For this
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reason the property (and associatedRp) being investigated are those associated with the

chemical changes seen in oxygen-containing functional groups in close proximity to a strong

electron-withdrawing group | e.g. higher hydroxyl acidity and larger carbonyl a�nity for

nucleophiles. Using the perturbing e�ects of halogen atoms on the charge density we can

get an approximation for the size ofRp. For the all bond CPs studied the charge density

metrics return to their base-line values (hydrocarbon values) when the 
uoride group is

placed beyond 2 carbon lengths from the CP being of interest.Comparing Table 3.1 and

Table 3.6 shows that the acid, ester, and ketone return to hydrocarbon-like CP metrics for the

CF3(CH2)2 substituted molecules. A similar trend is seen comparing Table 3.3 to Table 3.7

and Table 3.4 to Table 3.8, showing that the C{O bond CP also returns to hydrocarbon values

once the 
uoride atoms are more than two carbon bond lengths away. The exact same trends

are seen for the chlorine and bromine substituted molecules, the bond CPs respond when

the chlorine or bromine atoms are substituted within 2 carbon bond-lengths and when the

halogens are placed on carbons beyond that distance the CP metrics match those seen in

the hydrogen substituted molecules. The hydroxyl bond CP showed no discernible di�erence

upon halogenation, hence the values in Table 3.5, Table 3.9,Table 3.13, and Table 3.16 are

consistent across all molecules.

3.4.5 Aromatic Ring Points

Table 3.20 provides the magnitude and eigenvalues of the charge density at the ring point

for a variety of mono-substituted benzenes. Examining the values shows that substitution

does not have a discernible impact on the CP metrics at the ring CP. The calculated values

between functionals has a relative standard deviation similar to those seen for bond CP with

around 2%, 3%, 1%, and 2% for� RCP , � 1, � 2, and � 3, respectively.
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Table 3.20: Ring CP data for a variety of aromatic compounds.

� [ e�

bohr � 3 ] sd � 1 [ e�

bohr � 5 ] sd � 2 [ e�

bohr � 5 ] sd � 3 [ e�

bohr � 5 ] sd
C6H6 0.02461 0.00049 -0.01858 0.00053 0.08671 0.00100 0.08682 0.00100

C6H5CH3 0.02445 0.00049 -0.01827 0.00052 0.08338 0.00092 0.08912 0.00103
C6H5NH2 0.02422 0.00049 -0.01780 0.00053 0.08107 0.00088 0.08924 0.00105
C6H5OH 0.02426 0.00050 -0.01783 0.00056 0.08208 0.00084 0.08854 0.00108

C6H5F 0.02444 0.00051 -0.01802 0.00059 0.08492 0.00092 0.08695 0.00105
C6H5Cl 0.02454 0.00050 -0.01821 0.00042 0.08517 0.00094 0.08719 0.00120
C6H5Br 0.02464 0.00049 -0.01854 0.00054 0.08628 0.00097 0.08675 0.00104

C6H5CF3 0.02455 0.00051 -0.01859 0.00054 0.08699 0.00098 0.08708 0.00102
C6H5CN 0.02430 0.00050 -0.01832 0.00053 0.08630 0.00096 0.08645 0.00102

C6H5NO2 0.02476 0.00051 -0.01882 0.00057 0.08616 0.00103 0.08824 0.00100
[C6H5NH3]+ 0.02462 0.00052 -0.01852 0.00057 0.08533 0.00104 0.08847 0.00099
[C6H5OH2]+ 0.02492 0.00054 -0.01873 0.00063 0.08415 0.00106 0.09105 0.00106
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3.5 Summary

The charge density is nearsighted within organic functional groups. Comparing bond

CPs across a number of oxygen-containing functional groupsshows that while no two DFT

functionals provide exactly the same charge density, the di�erences between functionals is

relatively small with di�erences often being within a few percentage points. For inductive

electron-withdrawing e�ects (halogen substitution) on oxygen-containing functional groups

there was a consistent range for �� p. For while the percent change to the bond CPs varied

considerably when comparing bond CP types, the overall magnitude of the changes were all

below 0.05{0.06 a.u. for� and 0.3 a.u. for� . The e�ective Rp was on the order of two

carbon bond-lengths (� 3�A). Beyond Rp the presence or lack of 
uorine groups is nearly

indistinguishable from that of the hydrogenated molecules.

There are a number of important implications from these results. First, the charge density

is a robust property as there is often little variability between di�erent DFT functionals

in the charge density at the bond and aromatic ring CP. More importantly, though, this

work provides a framework with which to seek-out functionality within systems where such

a concept is currently lacking. Future work will investigate the variability of the charge

density within metallic systems to see if similar values for� � and Rp.
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CHAPTER 4

CHEMICAL EDUCATION

4.1 Abstract

Making ADFT a practical tool for chemists requires educational materials that present

the concepts of ADFT and theoretical chemistry in a way that allows students to make use of

these concepts. For instance, the chemical bond concept is the foundation of the molecular

sciences in general and ADFT speci�cally. As such, helping students gain a clear physical

representation of chemical bonding is necessary for the progress of ADFT. Bond Explorer,

an activity that utilizes the 3D plotting functionality of M athematica, is intended to provide

a clear physical picture of electron sharing among atoms | i.e. a physical picture of the

chemical bond. The activity was designed in accordance withthe best practices of scienti�c

teaching with a focus on active learning and peer-instruction. Through the course of the

activity, students visualize the 3D charge density using both fog and contour plots. Students

then go on to describe the density di�erences that characterize various bonding types, i.e.

covalent, polar-covalent, and ionic. The activity involves independent work at home prior to

class to provide exposure to the material prior to the in-class portion of the activity. In-class,

a short review lecture is followed up by group work where students identify key similarities

and di�erences in the charge density corresponding to various bond types. The in-class

portion of the activity involves students working on concept-focused open-ended questions

in small groups, to better encourage peer-instruction. Analysis of exam scores from the fall

2015 CHGN 121 revealed that students who participated in the activity performed better

on the �rst two exams following participation in the activit y (t-test at 95% con�dence),

though it is important to note that the Bond Explorer sectionwas considerably smaller than

the sections that did not perform the activity. For that reason, a short quiz focused on

Bond Explorer was administered before and after students participated in the activity in the
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summer 2016 section of CHGN 121. Results from the summer section showed that students

did perform better on the quantitative portion of the quiz (Wilcoxon signed-rank test at 90%

con�dence). Analysis of the qualitative portion of the quiz revealed possible misconceptions

about bonding that will be addressed in further versions of Bond Explorer.

Modi�ed from a paper in press inJournal of Chemical Education.

Jonathan Miorelli9, Allison Caster10, Mark E. Eberhart11. J. Chem. Ed. In Press.

4.2 Bond Explorer Activity

Modern molecule and materials design is built upon the framework of structure-property

relationships. To move toward a future where scientists andengineers tune the properties

of materials ranging from pharmaceuticals[72] to new typesof steel[56], students need an

understanding of how fundamental structures mediate bulk properties. As proven by DFT

and as a cornerstone of the work in ADFT[13, 73{75], it is the charge density | the elec-

tron distribution | that mediates intrinsic material prope rties; it is the physical parameter

controlling the location and type of bonds in a material. It would be advantageous, then, for

students to become familiar with the structure of the chargedensity and the rules governing

the variety of bonding models seen in materials. The bulk of this information is currently

conveyed through conventional bonding models | i.e. covalent, ionic, metallic bonds, and

intermolecular forces. Beyond that, though, a vast array ofconcepts vital to understand-

ing chemical properties center around the interaction of charge densities between various

atoms, from electronegativity, to Lewis acid-base reactions, to phase changes. In spite of

the ubiquity of these concepts in chemistry coursework, students often have di�culty relat-

ing these properties to the 3D charge density distribution[76]. Moving from the traditional,

property-focused model toward a charge-density based structure-�rst approach would better

prepare students to take full advantage of the advancementsseen in ADFT and begin to

9Developed activity/code and author
10Implemented in classroom, provided advice on activity, documentediting, and corresponding author
11Provided advice on development of activity and document editing
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design materials from �rst principles.

There are a number of obstacles that must surmounted for students to make applicable

use of charge-density based concepts of bonding. Foremost of these is the charge density

itself, which is di�cult to visualize because it is a three dimensional function with values

spanning many orders of magnitude. Understanding and correctly interpreting geometric

relations is a common hurdle for students studying the chemical sciences, especially in sub-

jects where molecular structure plays a crucial role [77{82]. This problem is exacerbated by

the fact that representing 3D objects on a 
at surface almostinevitably leads to inaccurate

representations[83, 84].

The importance of having a quality model of charge density structure in introductory

courses, juxtaposed with the di�culty involved in visualizing the density using traditional

methods, motivated the development of a multi-part interactive web and classroom activity

\Bond Explorer". Bond Explorer uses the variety of plotting abilities in Wolfram's Mathe-

matica to let students manipulate 3D models of the charge density, but this computational

exercise is not a solitary educational endeavor. In the variety of modern STEM educational

techniques developed over recent decades, one unifying theme is the power of peer-group

exploration with instructor guidance[85{91]. Thus, in thesecond module of Bond Explorer,

students work in small groups to discuss and articulate similarities in the charge density for

typical bonding types: e.g. covalent, polar covalent, and ionic bonds.

4.3 Description of the Activity

The App is written initially as a Mathematica workbook and then exported as a web-

embeddable CDF �le, allowing the �le to be opened using the free CDF Player provided

by Wolfram[92, 93]. The CDF player can run either as a stand-alone program or within a

browser as an add-on. This allows some 
exibility in implementation, since students can

either download a �le provided by the instructor and run using the stand-alone CDF Player,

or run from a �le embedded on a web page set up by the instructor. Once the students have

the App running, they are able to generate and view a fog plot ofthe charge density for
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diatomic molecules (see Figure 4.1). Students select from a list the atoms participating in

the bond (Li, Be, B, C, N, O, F, and Ne), the internuclear separation distance between the

atoms, and a visual parameter that toggles the translucencyof the fog plot. After taking

some time to play around with the App, students are instructedto build the molecules N2

and LiF, draw contours of the density they observe, and describe the di�erences they observe

between the two charge densities.

The simple calculation of the charge density in Part 1, whichis a single function (non-self-

consistent solution) Gaussian basis set, makes detailed investigation into the di�erences in

charge density untenable. For this reason, Part 2 provides high-resolution images of charge

density contours calculated for a variety of small molecules using modern computational

chemistry techniques (see Figure 4.2).12

Part 2 begins by having the students compare the contour plots they drew in Part 1

(for N2 and LiF) with the contour plots provided in Part 2. The students then describe

the di�erences between the contour diagrams for ionic (e.g.LiF and BeO), polar covalent

(e.g. CO), and covalent bonds (e.g. N2 and O2), and the di�erences in charge distribution

within these model bonds. Part 2 ends with an exercise where the student imagines moving

through the charge density going from one nucleus to the other, describing what the student

would observe. Students answer questions such as: \Does density increase/decrease moving

along the line connecting the nuclei?" and \Does density increase/decrease normal to the

line connecting the nuclei?"

Part 3 �nishes out the Bond Explorer Activity. Students analyze a contour plot for H2O,

discussing the shape of the charge density in a non-linear polar-covalent molecule. Students

then summarize what they learned in Parts 1 and 2 | i.e. what features in the electron

density indicate an ionic, covalent, and polar covalent bond. As a \challenge question",

leading to the concept of intermolecular forces, the activity ends with a contour diagram for

the very weakly bound Ne2. Students note how the charge density looks in a weakly-bound

12The charge density contours were calculated using SCMs ADF computational suite, using the M06-2X
meta-hybrid density functional and a TZP basis set [6{8, 70].
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Figure 4.1: A screen capture of the Part 1 of the Bond Explorer App. Student's select the
atoms and separation distance, along with some visualization parameters and view a 3D plot
of the resulting charge density, being able to rotate the shown plot | allowing for students
to grasp how the charge is distributed in real space.
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Figure 4.2: A screen capture of Part 2 of the Bond Explorer App. Here, students are shown
high resolution calculated contour plots of the charge density for various diatomic molecules.
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/ van der Waals system and make predictions about how strong the Ne2 bond is relative to

the previous bonds observed, based on the shape of the chargedensity and the magnitude

of charge shared between atoms.

4.4 Discussion

The most crucial prior knowledge students need for this activity is that the electrons

within a molecule are not static point charges but collectively describe a 3D function with

a value at every point in space | sometimes referred to as a 3D scalar �eld. The amount

of material covered prior to the students using the Bond Explorer App is mediated by the

speci�c learning objectives of the instructor and the degree to which this activity is self-

guided for the students. In order to preserve the guided discovery character of this activity,

the only concepts we mention ahead of time are that charge density is important, that charge

density is a 3D function, and how to visualize 3D functions.

In the initial implementation, students work independently on Part 1 as homework. Since

the charge density is a 3D function, displaying it on a 2D surface | let alone having a working

concept of how it is physically distributed in space | is problematic. For this reason, prior

to beginning the activity, students are instructed to read asupplemental handout titled, \It's

All About the Electrons" (see Appendix D). The handout provides a brief motivation for

fully understanding the charge density (i.e. the charge density mediates material properties),

along with some details about what the charge density is: a 3Dfunction describing the

average number of electrons observed within a given volume.The document �nishes by

describing the various ways one can visualize the charge density using fog plots, isosurfaces,

and contour plots shown in a plane. This introductory material is crucial because it builds

the vocabulary and skillsets required to complete the activity. A brief class lecture could

be used to achieve the same objective. Once the students havea su�cient understanding of

what is meant by charge density and how to represent it graphically, they begin with Part

1 of the Bond Explorer App.

73



In Part 1 there are a number of qualitative aspects of the charge density students should

understand and be able to articulate. (1) That the charge density is a maximum near the

nucleus; (2) a ridge of charge density connects bound atoms;and (3) di�erent kinds of

atoms have more or less density relative to other atoms across a bond. Manipulating the 3D

structures in the Bond Explorer App allows students to visualize these concepts. Physically

sketching contour diagrams of the charge densities observed in Part 1 further solidi�es these

concepts and paves the way toward developing an intuition for how charge is distributed

within chemical systems.

Prior to having the students work on Parts 2 and 3 during classtime, a brief (approx. 10

minute) lecture is given to ensure that students came away from Part 1 with the three learning

objectives above. The lecture stresses the importance of the charge density for understanding

material and chemical properties, but does not explicitly explain why this is the case. Once

this motivation is provided, we focus on how to view the charge density graphically. The

lecture uses videos showing isosurfaces of increasing density for an N2 molecule as well as

for LiF. These videos illustrate how charge density is sharedin conventional covalent vs

ionic (polar) bonding. The lecture then goes on to stress howto view this information using

contours of the density. The lecture wraps up stressing thatthe main learning objective for

the day's activity is to gain a deeper understanding of covalent, polar covalent, and ionic

bonding as well as electronegativity | and what all of these terms mean from a charge

density perspective.

From there, the students break o� into groups of 2{4 and work through Parts 2 and 3

of the worksheet. As the students are working, the instructor(s) interact with the groups,

probing how well each group is grasping the concepts by way ofguided questions - helping

students to arrive at accurate conclusions without explicitly giving them the answers. After

approximately an hour of group work, the class reconvenes for a short discussion (5-15

minutes) of the key concepts presented in the activity.
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4.5 Assessment

Assessments on the e�ectiveness of Bond Explorer as a tool forproviding a charge density

perspective on the chemical bond were made in the fall 2015 and summer 2016 semesters of

the Colorado School of Mines introductory chemistry course, CHGN 121. The assessment

done for fall 2015 involves comparing performance on multiple choice exams for students

who were in the section that completed the activity against students in the CHGN 121

sections that did not participate in the activity. The summer course assessment involved

giving students a brief quiz that contained both multiple choice and short response questions

before and after competing the activity. A Human Subject Research (HSR) exemption was

received in July 2016 to analyze the data. Details of these assessments are given in the

following sections.

4.5.1 Fall 2015

The Bond Explorer activity was �rst implemented in CHGN 121 in the fall semester

2015. The fall 2015 CHGN 121 course had an initial total enrollment of 839 with 789 of the

students in sections A, B, and C and 50 students in section D. Sections A, B, C were taught

as a traditional lecture class while section D was co-taughtand made an e�ort to utilize

modern scienti�c teaching methodologies within the classroom. The Bond Explorer activity

was implemented exclusively in Section D of CHGN 121.

Prior to the more detailed assessment of exam performance discussed below, the instruc-

tors of CHGN 121 section D completed an informal assessment todetermine how well the

activity met the learning objectives. The instructors feltthat on average, students perceived

Bond Explorer to be very straightforward, with the understanding of contour plots being

the most di�cult. Immediately following the completion of t his activity (without any other

discussion of bonding) each student group was asked to identify the bonding structure for 9

di�erent substances (Na, K, Cl2, CH4, H2O, HCl, CuO, NaCl, Cu(NO3)2). Within 5{8 min-

utes, all student groups were able to identify and thoughtfully discuss the bonding in all of
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the substances, including the presence of intermolecular forces and the nature of compounds

with both ionic and covalent bonds (Cu(NO3)2). The course instructors saw strong evidence

through the semester that students utilized these ideas of electronegativity and charge den-

sity in their understanding of chemical and physical properties. Thus, the instructors felt

that Bond Explorer provided a simple and sturdy framework upon which students built their

understanding of the fundamentals of chemistry.

A more rigorous assessment involved comparing exam scores between section D and the

other three sections. The hypothesis being tested (H0) is whether students who participated

in the activity have the same mean exam score as those who did not participate in the

activity. The mean exam scores along with the standard deviation and sample size for the

respective sections is given in Table 4.1. Using a two-tailedt-test at 95% con�denceH0 is

rejected for exams 1 and 2, and not rejected for the entrance exam, exam 3, and the �nal

exam. These are encouraging results because the activity was done in the weeks prior to

exam 1.

While not the focus of the �rst exam (nor the focus of any particular exam administered

in the course) there were a few questions that related to bonding on exam 1. Speci�cally,

questions 12, 14, 30, 31, and 32 related to topics covered in the activity (see Figure 4.3).

Question 12 dealt with identifying an ionic compound using simple cartoons of the atomic

arrangements of a variety of substances. Question 14 asked students to classify the bonds in

IBr 3. Question 30 dealt with the de�nition of electronegativity. Questions 31 and 32 were

bonus questions and dealt with how atomic sizes changes as atoms undergo ionic bonding.

Table 4.2 gives the student performance on these questions for section D and sections A,

B, and C. Using a one-tailed t-test, withH0 being that the mean score on these �ve exam

questions for sections A, B, and C is equal-to or greater-thanthe scores on the same questions

for section D, we can rejectH0 at the 95% con�dence level.
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Table 4.1: Average exam performance for students in the fall 2015 CHGN 121 course.

Entrance Exam Exam 1 Exam 2 Exam 3 Final Exam
Section(s) ABC D ABC D ABC D ABC D ABC D

Mean Score 54.8% 58.0% 74.5% 83.1% 58.9% 71.3% 70.4% 74.5% 62.4% 67.9%
s.d. 13.4% 10.8% 12.9% 8.5% 17.6% 18.0% 20.3% 22.0% 24.4% 24.3%

n 788 50 786 50 777 49 743 47 702 45

Table 4.2: Percent correct responses for questions 12, 14, 30, 31, and 32 on exam 1 for fall 2015 CHGN 121 sections A, B, C,
and D.

Sections A, B, C (768 students) D (50 students)
Question % Correct % Correct

12 84.5% 94.0%
14 91.8% 96.0%
30 82.4% 98.0%
31 68.2% 78.0%
32 72.8% 88.0%
Mean 79.9% 90.8%

sd 9.4% 8.1%
n 5 5
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While the above results, better performance on exams immediately following the activity

and on questions speci�cally related to bonding, suggest that Bond Explorer is an e�ective

tool for improving student understanding of chemical bonding, there are a number of concerns

with the analysis. Foremost of these are the structural di�erences between section D and

the other three sections. Section D had a smaller class size of roughly 50 students while the

other three sections averaged over 250 students per section. Section D was also co-taught,

further lowering the student-instructor ratio, and implemented modern scienti�c teaching

methodologies which often lead to better learning outcomeseven when the subject material

being taught is identical [85, 86]. A �nal confounding issuethat must be considered is that

sections A, B, and C had not yet covered electronegativity or intermolecular attractive forces

by the time exam 1 was taken. These complications motivated amore focused study that

tried to better ascertain exactly what students learn by participating in the activity, the

results of which are covered in the following section.

4.5.2 Summer 2016

The second Bond Explorer assessment was performed on the summer 2016 section of

CHGN 121. This section took a brief quiz before and after taking part in the Bond Explorer

activity. The same quiz was used for the pre- and post-quiz with ten multiple choice and

four short answer questions (see appendix B for a copy of the quiz). The objective of this

assessment is to see how much improvement there is between the two quizzes and, by way

of the short-answer questions in particular, to get an idea of what students take-away from

this activity and what underlying misconceptions may stillexist after participating in the

activity.

Statistical analysis of the pre- and post-quiz results required a di�erent approach than

the one taken in section 4.5.1. This is because the summer class was signi�cantly smaller

than any of the four sections from fall 2015 (seven students)and hence normality of the

data could not be assured, making a t-test impractical. Instead, a nonparametric test,

known as the Wilcoxon signed-rank test [94, 95], is employed.Nonparametric tests do not
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Figure 4.3: Questions 12, 14, and 30{32 from CHGN 121 exam 1, fall 2015.
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require the sample data to follow any one particular statistical distribution but still require

a number of assumptions to be valid. The Wilcoxon signed-ranktest requires that (1) the

population to be continuous and (2) that the probability density function to be symmetric.

The population distribution represents the underlying �rst-year chemistry student knowledge

about chemical bonding. This knowledge, which the quizzes are designed to measure, should

exist on a spectrum with a symmetric distribution. The hypothesis (H0) being tested is

that the median score on the pre-quiz is equal-to or greater-than the median score on the

post-quiz. The alternative hypothesis (Ha) would then be that the median pre-quiz median

score is less-than the median post-quiz score (a 1-tailed test).

The �rst step in the Wilcoxon signed-rank test is to compute the di�erence between each

student's pre-quiz and post-quiz score. Then the absolute value of the di�erences are ranked,

with the di�erence of smallest (non-zero) magnitude given arank of 1. Di�erences of equal

magnitude are all given the same average rank | e.g. absolutedi�erences of 1, 2, 2, 5 would

be ranked 1, 2.5, 2.5, 4 respectively. Di�erences equal to zero are removed. The sums of the

ranks associated positive di�erences (S+ ) and negative di�erences (S� ) are then computed

and compared to a table value.

Table 4.3: Pre- and post-quiz scores on the multiple choice section of the quiz, the di�erences
between the pre- and post- scores, and the ranks of those di�erences. Note that two of the
di�erences were zero and hence those students were removed from the analysis (reducing the
sample size from 7 to 5). The sum of ranks areS+ = 2 and S� = 13.

Student Number Pre-Test Score Post-Test Score Di�erence Ranks
1 8 10 -2 4
2 10 9 1 2
3 6 9 -3 5
4 8 8 0 N/A
5 7 8 -1 2
6 8 9 -1 2
7 7 7 0 N/A

Table 4.3 gives the pre/post-quiz scores, di�erences, and ranks for the students in the

CHGN 121 summer section. The magnitude of di�erence for students 2, 5, and 6 were all
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equal to one and so the ranks of 1, 2, and 3 were all average to beequal to 2. Students 4 and

7 showed a di�erence of zero, and so were removed from the analysis (reducing the e�ective

sample size to �ve). For this data, the sum of positive and negative ranks equalsS+ = 2

and S� = 13. This gives an� of 0.1 [95], which allow us to reject the null hypothesis at a

90% con�dence level. It's important to note that this is a lower con�dence level than the

standard 95% con�dence.

Table 4.4: Student performance on the short-answer responses from the pre- and post-quiz.
Values of 2 represent a correct response, 1 represents a partially correct response, and 0
represents a wrong response. Full student responses can be found in Appendix C.

Short-Answer Questions
Student 1 2 3 4

1 Pre 0 2 0 1
Post 0 2 1 2

2 Pre 0 2 0 2
Post 0 2 0 2

3 Pre 2 1 1 0
Post 0 2 2 2

4 Pre 0 2 0 0
Post 2 2 0 2

5 Pre 0 0 0 1
Post 0 2 1 1

6 Pre 1 2 0 0
Post 1 2 2 2

7 Pre 2 2 0 2
Post 2 2 0 2

Analysis of the short-answer responses helps shed light on how the students were thinking

about chemical bonding and the role of the electron density.Table 4.4 provides scores for the

qualitative responses as scored by the author while Table 4.5 provides the scoring done by

an expert reviewer (Prof. Mark Eberhart). The two scorings,while having minor di�erences

between them, have the same trends e.g. same relative performance on each questions

including the ranking of questions from least to most improved. A transcript of all short-

responses can be found in Appendix C. Students showed the mostimprovement on question

4 which asks what do all chemical bonds have in common, with the hope being that students
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Table 4.5: Student performance on the short-answer responses from the pre- and post-quiz
as scored by the expert reviewer. Values of 2 represent a correct response, 1 represents a
partially correct response, and 0 represents a wrong response. Full student responses can be
found in Appendix C.

Student 1 2 3 4
Pre 0 1 0 1
Post 0 1 1 1
Pre 1 2 1 1
Post 1 2 1 1
Pre 2 1 2 0
Post 0 2 2 1
Pre 0 1 0 0
Post 2 2 0 1
Pre 0 0 0 1
Post 0 1 1 1
Pre 1 2 0 0
Post 2 1 2 1
Pre 2 2 0 1
Post 1 2 0 1

recognize at a minimum that all bond involve electron interactions and at best they make

recognize that all chemical bonds relate to a ridge in the charge density. In the pre-quiz only

two students were able to identify that all bonds involve regions of shared electron density

between atoms, with two others making vague references to electrons (e.g. one student wrote,

\They hold atoms together? Related to electrons"). On the post-quiz, though, all students

but one were able to recognize that all bonds involve electrons. Regrettably, though, none

of the students speci�cally mentioned there being a ridge inthe charge density connecting

the bound atoms. The short-answer question that showed the second most improvement

had to do with electronegativity. Two students identi�ed that it a�ect polarity of the bond,

two others identi�ed that it would in
uence whether electrons are \shared or stolen" (in the

words of one student), but also con
ated electronegativity with strength. In fact, the most

common response con
ated having higher electronegativities with necessitating a stronger

bond.
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Interestingly, students performed best on the question 2 which asked: \If you were to

walk along a chemical bond from one atom to the next, how wouldthe electron density

change? Draw a sketch and brie
y explain it with words." Five of the students were

able to sketch surprisingly accurate contours of the chargedensity on the pre-quiz (see

Figure 4.4 and Figure 4.5). The post-quiz responses did show improvement with all students

producing acceptable representations of the charge density, with students who initially drew

an acceptable contour generating a more detailed sketches of the contour plots of the charge

density on the post-quiz (compare Figure 4.6 and Figure 4.7 with Figure 4.4 and Figure 4.5).

Students performed worst on the question that asked: \What isa chemical bond? Are

bonds made of matter (physical objects), and if so, what are chemical bonds made of?" Two

students were able to give correct responses on both the pre-and post-quiz (though not

the same two students), and another student was able to give apartially correct response.

The most common incorrect response was that a chemical bond is a force that holds atoms

together and therefore not a physical object. It's worth noting that this was probably the

most di�cult question, as there is even some disagreement asto what a bond is within the

chemical community [39].

4.6 Conclusions and Future Work

The goal of activities such as Bond Explorer is to provide students with a �rm foundation

from which to think about the electron density of molecules and materials. Presenting

concepts of the nature of the charge density in introductorycourses provides students with

the tools to imagine how electron sharing mediates properties, allowing for easier abstraction

of these concepts in later classes, without overloading them with the complicated nuance of

electronic structure theory (e.g. valence bond theory or molecular orbital theory). This

activity moves us toward a long-term goal of training students in a modern approach to

material design: achieving desired properties by tuning the charge density explicitly via

changes to the chemical environment within a material.
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Figure 4.4: The short-answer response on question 2 on the pre-quiz for students 1{4.
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Figure 4.5: The short-answer response on question 2 on the pre-quiz for students 5{7.
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Figure 4.6: The short-answer response on question 2 on the post-quiz for students 1{4.
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Figure 4.7: The short-answer response on question 2 on the post-quiz for students 5{7.
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Future work comes in two kinds: (1) improvements to the methods of measuring the

e�ectiveness of the activity and (2) improvements to the content of the activity itself. Im-

provements of the �rst kind would start with performing analyses on a more controlled groups

of classes. For example, it would be ideal to have classes of more equivalent size and being

taught under more similar circumstances (as was not the casefor fall 2015) and to have

classes with a larger class size overall (as was not the case for summer 2016). Future work

will also need to correct for the amount of time students spent learning bonding. If one class

goes through a traditional bonding coursework while another class does the traditional work

in addition to the Bond Explorer activity one would expect the students who spent more

time focusing on bonding to perform better on bonding questions in general. Corrections

could include a similar module of the same length as Bond Explorer that instead focuses

solely on traditional bonding models such as the Lewis dot model. It would be ideal to then

have a simple pre- and post- quiz that could would be appropriate for both groups (perhaps

with a mix of bonding questions that describe bonding in a traditional way and those that

take a more direct charge density approach).

Possible improvements to content would be to alter the activity so that it better con-

nects with how bonding has been historically discussed. Oneway of doing this could be to

simply perform the activity after the traditional bonding models have already been covered.

This could allow the charge density perspective on bonding to connect what often students

often see as disparate bonding models [76]. This additionalcontext for the Bond Explorer

activity would discuss how simple models such as Lewis structure and valence shell electron

pair repulsion (VSEPR) theory are rough approximations thatpredict the charge density

distribution when applied appropriately. Making a connection between the charge density

and these simple models could help students understand why in certain circumstances these

simple models are able to predict the bonding in some systemsbut fail for others, such

electron-pushing mechanisms which can explain a variety oforganic chemistry reactions but

fail to explain transition metal chemistry. Similarly, it would also be advantageous to make
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a connection with more advanced topics, often brie
y touched on in �rst-year, such as MO

theory which could be taught as a much more robust way to predict the charge density

distribution. This would not only help students make conceptual connections between what

seem to be disparate bonding models but also emphasize that it is this distribution of charge

that determine the properties.

The hope is that with these changes to how the activity is presented students would leave

an introductory chemistry course with a working mental model of the chemical bond that

corresponds to a physical region in a molecule | a volume of charge density. A volume

that can be both computed and experimentally observed, and that students understand

that changes to this volume | the shape density and amount of charge with the volume |

correspond to the properties of the bond of interest. Additionally, by making the connection

between the charge density perspective and traditional bonding models students would still

be able to identify and discuss bonding in the way it has been historically been discussed

(and will most likely continue to be discussed for the foreseeable future).
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CHAPTER 5

LIMITATIONS AND CONCLUSIONS

ADFT provides methods and concepts necessary for extracting chemically relevant infor-

mation from the charge density, with the structure of the charge density being characterized

through the lens of QTAIM. QTAIM's topological view of electronic matter, �rst devel-

oped by Bader[96{99] in the late 1960s and early 1970s, has undergone rigorous review

within the theoretical community in the decades that followits inception (see Chapter 2).

This assessment of QTAIM by the theoretical community has revealed its applicability to

a wide array of concepts central to chemistry and materials science[72] such as bonding

in molecules and network covalent solids[74, 100{108], ionic interactions[30, 47], metallic

bonding[50, 55, 56, 109{113], and closed-shell interactions[36, 37, 40, 75]. It is clear from

these studies that the geometry of the charge density withinthese systems, often quanti�ed

via the geometry of the charge density at bond CPs, provides insight into the character

of atomic interactions within that system. ADFT, though QTAIM, provides the ability to

ascribe structure to the charge density.

As emphasized throughout this dissertation, we are concerned with making charge den-

sity analysis accessible to the designers of materials and molecules (i.e. synthetic chemists

and material scientists). Central to the material design process is the structure-property-

performance paradigm. Where the desired performance is sought through tuning speci�c

material properties, and the tuning of properties proceedsby manipulating the underlying

structure of the material. It is easy to assume then that fully knowing the structure of a

system would allow one to predict every system property. Instead the relationship between

structure and properties, as pointed out by Cohen[114], is areciprocity relationship wherein

the structures we use to design materials are molded by the properties we seek to modify.
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Therefore, to advance material design via manipulation of the charge density, ADFT

should now seek to be molded by the properties of interest to the materials and chemical

communities (see Chapter 3). To do this these ideas need to translate from the theoretical

community and into the material and chemical synthesis communities, where an even greater

sample set of materials and their respective charge densities can be compared. This requires

fostering motivation to view the geometry of the charge density as central to a system's

properties along with providing the conceptual/computational tools necessary for conducting

charge density analysis. To do this we need to start by introducing ADFT's approach to

charge density analysis to chemistry students (see Chapter4).

The presentation of such material to students should be donewith a measure of caution.

Instructors presenting such a perspective need to bear in mind that there is still much work

that needs to be done to fully reveal how the structure of the charge density mediates

chemical and material properties. For that reason, when this material is presented in a

classroom setting it should be made clear that while it is true that the structure exists, some

of the �ner correlations between this structure and material/molecular properties have yet to

be discovered (and it is possible that there are a number of properties for which the structure

of ADFT is not well suited to address). Instead, what should be emphasized is that this

structure exists | whenever you have a stable chemical bond you will get a ridge in the

charge density and its associated bond bundle. Beyond the existence of that ridge what can

also be stressed is that signi�cant di�erences between bonds can be easily recognized from

the geometry of the ridge. For instance, students can easilysee the di�erence in the geometry

of the covalent bond between two nitrogen atoms in N2 compared to the much weaker van

der Waals' bond between. The goal is for a student leaving introductory chemistry to be

equipped with a new conceptual weapon in their material design arsenal | the topological

and geometric structure of the charge density.
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APPENDIX A - METALLIC GLASSES

Modi�ed from a paper in J. Chem. Phys..

Travis E. Jones13, Jonathan Miorelli14, and Mark E. Eberhart15. J. Chem. Phys.140(8):

084501, 2014.

A.1 Abstract

Though discovered more than a half century ago metallic glasses remain a scienti�c

enigma. Unlike crystalline metals characterized by short, medium, and long-range order,

in metallic glasses short and medium-range order persist though long-range order is ab-

sent. This fact has prompted research to develop structuraldescriptions of metallic glasses.

Among these are cluster-based models that attribute amorphous structure to the existence

of clusters that are incommensurate with crystalline periodicity. Not addressed however

are the chemical factors stabilizing these clusters and promoting their interconnections. We

have found that glass formers are characterized by a rich cluster chemistry that above the

glass transformation temperature promotes exchange as well as static and vibronic sharing of

atoms between clusters. The vibronic mechanism induces correlated motions between neigh-

boring clusters and we hypothesize that the distance over which these motions are correlated

mediates metallic glass stability and in
uences critical cooling rates.

A.2 Background

In 1957 Pol Duwez [115] discovered a new class of materials bycooling an alloy of Au

and Si from above its melting point to near room temperature in under a millisecond. Like

familiar window glass the resulting solid lacked long rangeorder and was, consequently,

isotropic. This fact earned these new materials the name metallic glasses (MGs). As isotropy

13Primary researcher and author
14Performed some calculations and background research on binary glass systems
15Corresponding author
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is a useful property, which can only be obtained from normal crystalline metals in an average

way, the discovery stimulated a search for technologicallyuseful MGs. Many such materials

were found, but the need to produce these through rapid solidi�cation limited their form

to ribbons as wide as a few centimeters but at the very most a millimeter thick. It is the

critical cooling rate|the minimum cooling rate necessary to produce the glassy structure|

that controls the thickness of MG ribbons. Early glasses could be made only when cooled as

rapidly as 106 K/sec and were very thin. Over the years new compositions were discovered

that formed glasses when cooled at rates less than 10 K/sec. Such compositions are said

to be good glass formers; and, because they can be cast into forms several centimeter thick

are referred to as bulk metallic glasses (BMGs). Today literally hundreds of MG and BMG

compositions are known. However a �rm scienti�c understanding of their structure and how

properties evolve from this structure remains elusive.

Puzzling aspects of MG structure are observations showing that though there is an ab-

sence of long range order atomic positions are correlated over �ve or ten atomic diameters.

To rationalize this observation Sommer [116] posited the existence of molecule-like regions

in the molten state that are retained into the glass. These \molecular associates" impose

chemical short range order (CSRO) over distances comparable to their size, typically several

atomic diameters. More perplexing than CSRO is medium rangeorder (MRO) in which

atomic positions are correlated over distances as large as several nanometers.

Of the formalisms that account for MRO [117{123], Miracle'sE�cient Cluster Packing

(ECP) Model [119{123] has received considerable attention. Motivated by the observation

that MGs are dense [124, 125], typically> 97% of the crystalline density, Miracle proposed

that MG structure is due solely to the relative radii of the alloy's component elements.

Solvent atoms are thought to be situated about each solute atom to yield the densest possible

cluster. In turn these atomically dense clusters|the ECP analogue of molecular associates|

are conjectured to be arranged on a cubic close packed (CCP) lattice. The interstices of

the CCP arrangement are occupied by additional solute atoms. The resulting packing and
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in�lling of e�ciently packed clusters gives dense regions with short and medium range order.

Because the atomically dense clusters are incommensurate with crystallographic symmetry,

beyond a few cluster diameters the e�cient packing is frustrated and unable to realize a

periodic structure.

In addition to these conceptually based cluster models, state-of-the-art computational

and experimental investigations have been interpreted within a cluster framework. There

is evidence from Reverse Monte Carlo (RMC) methods constrained by ab initio results,

e.g. [126{128] and Embedded Atom (EA) molecular dynamics methods, e.g. [129, 130], sug-

gesting that CSRO derives from clusters and that MRO resultsfrom coupling between these

fundamental polyhedral \building units" [126]. Depending on their concentration, build-

ing units can|through the sharing of polyhedral vertices, edges, and faces|organize into

\extended clusters," \strings," and \networks" [117, 122,131{134].

Of particular relevance to the discussion here is the structural information speci�c to

the Cu{Zr MG system coming from RMC [127, 128] and EA [129, 130] calculations. Such

studies point to the existence of small scale structural heterogeneity arising from string-like

networks formed from interpenetrating Cu-centered icosahedra separating regions containing

Frank-Kasper-based Zr centered clusters with coordination numbers between 13 and 15|

most commonly 14|and the near absence of Zr centered icosahedra.

Though few question that the cluster representation of metallic glasses is a useful con-

struct, their physical reality remains a topic of debate. Webelieve that just as the structure

of liquid water derives from the chemistry of H2O molecules and that of silica glass stems from

the chemistry controlling connections between SiO4 tetrahedra, the structure and structure

related properties of metallic glasses are indubitably a consequence of the local chemistry

and bonding within and between metallic clusters.

Unfortunately, when compared to covalent and ionic materials, e.g. water and silica,

there is little agreement as to the way metallic materials interact to form extend structures.

The reason is clear, the \delocalized bonding" of metals is believed to make these materials
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fundamentally di�erent from their covalent counterpart. For while an isolated molecule of,

for example H2O, retains much of it's electronic structure and bonding when in ice or water,

many do not believe the same is true of metals, where, they feel, the electronic structure of

a small metal cluster is lost on embedding.

More is made of the di�erences between covalent and metallicbonding than is deserved.

One of us (Eberhart) has employed the Quantum Theory of Atomsin Molecules [25] to show

(manuscript in review) that the electronic structure of small metallic clusters and covalent

functional groups are equally sensitive when embedded in anextended system. In addition a

fairly recent general theory dealing with the \nearsightedness of electronic matter" (NEM)

[57] provides considerable support to our hypothesis that the structure and properties of MGs

are the result of local interactions. This theory asserts that for �xed chemical potential, the

charge density and local properties that depend on this density are sensitive to changes in

the external potential within some radiusR. Changes to the potential beyondR|no matter

how large|do not signi�cantly e�ects local properties [58] . In metallic systems we �nd that

R is typically on the order of a few atomic diameters.

These observations and �ndings provide the rationale supporting our investigations into

the cluster chemistry of MGs. We will show that this chemistry leads to a model of the

amorphous state as composed of clusters that interact in a consistent way to produce glassy

structures similar to those seen experimentally and through simulations. However our goal

is not to reproduce the structure of a metallic glass as a collection of clusters. We seek the

chemistry forcing cluster formation and interconnectionsthat characterize good glass form-

ers. Metallic glass structure is born of this chemistry, though constrained by stoichiometry

and kinetics that we do not include in our modeling. Indeed, classical andab initio molec-

ular dynamics methods are far more appropriate for the task of uncovering the structure

of metallic glasses beyond several atomic diameters [126{130] than inferences made from

chemistry alone.
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Our approach is rooted in a thought experiment wherein the atomic elements of a metallic

glass are considered to be randomly distributed. Initially, these elements are allowed to

interact to form clusters; and then, the clusters are allowed to react to produce the glassy

structure. From this perspective the phenomenology of MGs reduces to understanding those

factors that promote cluster formation and those related tocluster-cluster interactions.

To these ends we have pursued our investigation at two levels. First, we have performed

DFT calculations modeling more than 500 di�erent clusters drawn from metallic systems

that include bulk glass formers, simple glass formers, and non-glass formers. These clusters

were chosen not only to cover a wide variety of materials composed of di�erent elements,

but also to provide a systematic survey of local con�gurations that could reasonably be

present in a glass of a given elemental composition. To some degree our selection of clusters

was informed by the results of the already referenced ECP, RMC, and EA simulations of

MG structure. However more often than not the clusters chosenwere motivated by our

attempt to answer questions that arose from earlier results. Following the cluster modeling

we proceeded to the second step and employed DFT methods to investigate the interactions

between many of these clusters. Quite simply, we have realized our thought experiment

computationally.

Throughout this computational experiment we have looked for common features at both

the level of the intra and inter-cluster chemistry that can reasonably be attributed to chemical

functionality. In the process we have discovered electronic features that appear to be common

to MG formers and absent from non glass formers. Based on these observation we hypothesize

that these features mediate the critical cooling rate of MGsand propose a mechanism in

support of this hypotheses.

A.3 Computational Methods

All calculations were performed with the Amsterdam Density Functional (ADF) modeling

suite. Cluster calculations used the ADF2013 package [6, 7, 135], while extended systems

were computed with the BAND2013 package [136{138]. Both packages make use of atomic
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orbital basis sets. In order to assure ourselves that results were not speci�c to a particular

density functional or basis set, most calculations were done using several basis sets and

density functionals. We found no qualitative di�erences that would in
uence the arguments

presented here. Unless otherwise noted, however, the results shown and discussed employed a

polarized triple zeta basis set without frozen cores and included scalar relativistic corrections

by way of the zeorth order regular approximation (ZORA) to theDirac equation [139] and

the Vosko, Wilk, and Nusair local density approximation to theexchange and correlation

potential [64]. The Becke fuzzy cells integration scheme was used for real space numerical

integration [61, 62]. In the BAND calculations a quadratic tetrahedron method was used for

numerical integration over the Brillouin zone, which was sampled using a minimum of 16k

points in the irreducible wedge.

A.4 Copper Zirconium Clusters

The Cu{Zr system forms glasses over a wide range of stoichiometries|from as little as

10 to as much as 80 atomic % Zr [140]. This system is also one of the few binaries that forms

BMGs, again across a wide range of compositions between 28 and 75 atomic percent Zr [141{

144] with the best BMGs possessing the compositions Cu(64.5)-Zr(35.5) and Cu(50)-Zr(50)

[145]. Due to its vigorous glass forming properties the Cu{Zr system served as our prototype

glass former and we began by exploring the chemistry of clusters drawn from this system.

That said, the question immediately arose as to where to center the clusters.

From a chemical perspective the alternatives amount to nothing more than a arbitrary

choice of origin|the chemistry of water does not change by choosing oxygen, hydrogen, or

a location between the atoms as the point of reference|though some phenomena are made

more apparent through this selection. That is the case here,where the frontier|near Fermi

energy|orbitals that dominate the system's chemistry are of Zr d-character. To recover

this chemistry it is best initially to provide a full coordination shell around the Zr atoms.

Accordingly, we explored Zr-centered clusters. Among the many such clusters that could be

chosen as a starting point the ECP model predicts that Cu{Zr amorphous structure derives
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from the packing of Zr centered clusters coordinated by 17 Cuatoms, so we begin by studying

ZrCu17 clusters.

The ZrCu17 cluster predicted by the ECP model is shown in Figure A.1. Symbolically

it is a f 1,5,5,5,1g polyhedron (see caption Figure A.1) [122]. This cluster was constrained

to retain its D5h symmetry and allowed to relax radially to an energy minimum.Subse-

quently, the symmetry constraint was removed and the cluster allowed to seek a local energy

minimum. Our calculations demonstrate that ZrCu17 cluster is energetically unstable as

it literally ejected a Cu3 cluster to the surface of a number of di�erent ZrCu14 clusters,

the most stable of which is af 1,6,6,1g polyhedron, a member of the Frank-Kasper-based

polytetrahedral category [127].

Taking a simple and incomplete yet useful view, we consider the thermodynamic sta-

bility of ZrCu 14 to result from pairwise Cu-Cu and Cu-Zr interactions. An estimate of the

magnitude these two interaction types is provided by calculating the stabilization energy of

a Zr-Cu dimer separated by an interatomic distance equal to the Cu-Zr distance of ZrCu14,

giving a interaction energy of 2.8 eV. The calculated total stabilization energy of ZrCu14

is 49.2 eV, of which approximately 39.5 eV is a consequence of the fourteen Cu-Zr interac-

tions. The remainder we attribute to the 36 �rst neighbor Cu-Cu interactions, yielding a

Cu-Cu interaction energy of approximately 0.3 eV. These numbers are consistent with our

topological and geometric analysis of the Zr-Cu charge density (discussed later) and serve

a heuristic purpose, rather than a rigorous estimate of interaction energies, supporting our

conjecture that the Cu-Zr interaction is principally responsible for cluster stability while the

Cu-Cu interaction plays a secondary, conformational, role.

A more insightful picture of the Cu-Zr interaction is a�orded through an examination of

the cluster molecular orbitals (MOs) of ZrCu17 and ZrCu14. Notably, these MO manifolds

are similar, albeit with di�erent occupancies. Most signi�cant are the near Fermi energy

orbitals consisting of two sets of �ve nearly degenerate orbitals separated by an energy of

approximately 2 eV.
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Figure A.1: Unstable ZrCu17 cluster (left) spontaneously forms the stable ZrCu14 cluster
(right) and a Cu3 cluster (not shown). The Cu atoms are represented by gold spheres and
the Zr atoms by turquoise spheres. The structure of dense packed clusters is sometime
described by a series of indices, e.g. ZrCu17 as f 1,5,5,5,1g indicating that there are �ve
planes normal to the high order rotation axis containing rings of 1, 5, 5, 5, and 1 atoms
respectively. Repeated indices indicate that the atoms in adjacent planes are staggered with
respect to each other.
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The set with lower energy is Zr-d to Cu-sd bonding ( Figure A.2 (left)). The higher lying

set is Zr-d to Cu-sd antibonding ( Figure A.2 (right)). In the case of the ZrCu17 cluster,

there are three electrons in the antibonding set, which is empty for the ZrCu14 cluster.

Figure A.2: The near Fermi energy orbitals of ZrCu14 and ZrCu17 consist of two nearly
degenerate sets of �ve orbitals. The lower lying orbitals are Zr d to Cu bonding (example
shown left) and are designated here as 2 MOs. The set of higher energy are Zrd to Cu
antibonding (example shown right) and are designated �

2 MOs. The MOs derived from Zr
dxy of the ZrCu14 cluster are shown.

The occupancies of the MOs in these manifolds is easily explained by noting the allowed

overlap between the atomic orbitals (AOs) of a Zr atom with the MOs of an approximately

spherical shell ofn Cu atoms. Because the MOs of the copper shell will be formed from

states comprising a broads-band superimposed on a core-liked-band, the relative stability of

a ZrCun cluster results principally from the shell-states derivedfrom Cu-4s AOs overlapping

with Zr-5s and 4d AOs. An illustration of the cluster orbitals resulting from these interactions
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is provided by way of an idealized orbital correlation diagram in Figure A.3.

Figure A.3: Idealized correlation diagram for the interaction of a Zr atom with a spherical
shell of n Cu atoms. Signi�cantly, the energy of the Zrd-states coincides with the middle
of the Cu s-band. It is this fact which places the Zrd-states near the Fermi energy in the
metallic glass.

On the right of Figure A.3 are the energies of the 5s and �ve 4d AOs of Zr, on the left

are the energies of the MOs derived from the overlap of 4s orbitals in a shell of n copper

atoms. The latter MOs transform as the irreducible representations of the 3D rotational

group. Thus there must be a single MO without nodes, three degenerate MOs of higher

energy with a single nodal plane, �ve degenerate MOs of stillhigher energy possessing two

nodal planes, in general, sets of 2` +1 degenerate orbitals having̀ nodal planes. The energy

of each set increases with the number of nodal planes; and, the dispersion within each set
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varies with the deviation of the shell from spherical. The shell MOs and Zr AOs will overlap

only if they possess the same nodal structure, in which case they may overlap in phase and

out of phase to produce two cluster MOs, one that is bonding between the central atom and

its coordination shell and another that is antibonding. As a convenience we will refer to these

orbitals with the notation  n and  �
n , where n gives the number of nodal planes and the

asterisk indicates an antibonding interaction between thecentral atom and its coordination

shell. Hence from bottom to top, the six types of cluster MOs shown at the center of Figure

Figure A.3 are designated 0;  1;  2;  �
2;  3, and  �

0 respectively.

Notably, the  0 and  2 MOs are fully bonding between the central Zr atom and the Cu

shell, the  1 MOs are non-bonding, and the �
2 MOs are fully antibonding. Hence �lling

the �rst nine orbitals will either promote or have no a�ect on the stability of the ZrCun

cluster. However �lling the tenth through �fteenth (  �
2) MOs will destabilize the cluster. As

the Zr atom contributes four electrons and each Cu atom contributes a single electron to

the cluster MOs, the nine stabilizing orbitals will be �lled when there are fourteen atoms

in the Cu shell. Additional Cu atoms will destabilize the cluster by �lling the antibonding

 �
2 MOs. As this is precisely what was observed, we are con�dent that this simple model

captures essential features of Zr{Cu bonding and provides some predictive capability.

With its �lled  2 MOs and a 2 eV gap to the empty �
2 orbitals, ZrCu14 behaves as a

super atom analogue of a nobel gas [146{150], e.g. Ar, with a �lled valence shell. In this

case however, the number of electrons in the valence shell istethered to the number of Cu

atoms in the Zr atom's �rst coordination shell. Keeping withthe super atom analogy, Zr{Cu

clusters with fewer than fourteen Cu atoms will behave as theelectronegative, anion forming,

main group elements on the right of the periodic table, e.g. P, S, Cl, etc. On the other hand

those with more than fourteen coordinating Cu atoms correspond to the electropositive,

cation forming, elements to the left of the periodic table, e.g. K, Ca, Sc, etc. There is an

easily predictable `ionic' chemistry based on the exchangeof Cu atoms between Cu-poor

and Cu-rich clusters. For example, we have modeled the interaction between a ZrCu14+ n
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and a ZrCu14� n cluster for n = 1, 2, or 3. In all cases a local energy minimum is achieved as

Cu atoms move from the coordination sphere of the Cu rich cluster to that of the Cu-poor

cluster. The product of these shifts is a pair of weakly boundZrCu14 clusters.

Interestingly, the stoichiometry of the ZrCu14 cluster recovers the� 7 atomic % Zr

concentration near an eutectic point of the Cu{Zr phase diagram. This observation invites

an attractive model for the structure of the eutectic liquidas an ensemble of time averaged

ZrCu14 clusters exchanging Cu atoms with a period many times longerthan vibrational

periods.

However the glass forming regions of Cu{Zr are removed from this eutectic point, and

on average must be composed of Cu-poor clusters. Just as thereis an ionic chemistry

governing the interactions between Cu-rich and Cu-poor clusters, we expect a `covalent'

chemistry involving the sharing of Cu atoms will mediate systems of Cu-poor clusters. To

better understand Cu sharing mechanisms we have calculatedthe geometries and molecular

orbitals for a series of Cu poor cluster, ZrCun , where n is between 5 and 12. Figure A.4

shows the energies and occupancies of the �ve near Fermi energy  2 MOs for three distinct

n = 12 con�gurations along with those of then = 14; 10; and 8 cases. We note in passing

that the �lling of the near Fermi energy MOs and their character for all of these clusters is

consistent with the simple �lling model of Figure A.3, providing additional con�dence that

this simple model may be applied broadly to understand Cu{Zrbonding.

Consistent with this model and as already noted, all �ve 2 MOs are occupied when

n = 14 (Figure A.4A). The set is split into a triplet and doublet having an energy separation

of approximately 0.34 eV. Forn = 12 the cluster of greatest density is an icosahedron,

i.e. a f 1,5,5,1g polyhedron that is crystallographically incommensurate [117, 122, 131{134].

The other signi�cant n = 12 coordinations are thef 3,6,3g polyhedron characteristic of

HCP packing and af 4,4,4g cuboctahedron characteristic of FCC packing. As required by

symmetry: the  2 MOs of the icosahedral cluster are �ve-fold degenerate (Figure A.4B),

those with the HCP coordination are split into two nearly degenerate doublets separated
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Figure A.4: The energy of the 2 MOs for: A) ZrCu14, B) icosahedral ZrCu12, C) ZrCu12

with HCP type packing, D) cuboctahedral ZrCu12, E) ZrCu10, and F) ZrCu8. Occupied
states are denoted with a solid line and unoccupied states with dashed lines. The zero of
energy corresponds to the energy of the atomicd-states of Zr.
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from a singlet by 0.34 eV (Figure A.4C), and �nally, the cuboctahedral cluster is split into

a doublet and triplet separated by 0.54 eV (Figure A.4C). Giventhat there are only eight

electrons to �ll the �ve  2 MOs, each of the twelve fold coordinated clusters is distinguished

by a HOMO/LUMO degeneracy, suggesting that the twelve fold coordination is Jahn-Teller

unstable [151, 152]; that is, the cluster is unstable relative to a symmetry lowering distortion.

For n = 10 and n = 8 (Figure A.4E and Figure A.4F) single low energy conformations

were found in which all orbital degeneracies are lifted. Signi�cantly, the ZrCu 10 cluster

with three �lled  2 MOs formed an icosahedral fragment missing two adjacent Cu atoms

(see inset Figure A.5)|an arrangement that we conjecture is a consequence of maximizing

Cu{Cu interactions.

More insight into the relative strengths of the Cu{Cu and Zr{Cu interactions through the

series of Cu-poor clusters can be assessed from interatomicdistances. The Zr{Cu interaction

is optimum in the twelve fold coordination with a distance of2.49�A compared to 2.68�A for

ZrCu14 and 2.55 to 2.71�A for ZrCu10. On �rst consideration it may seem odd that with two

additional electrons occupying Zr-Cu bonding orbitals theZr{Cu distance would be larger

in ZrCu14 than ZrCu12. This is a consequence of the more crowded environment around the

central Zr atom. In the fourteen fold coordination Cu atoms are closer together, though they

are held at a greater distance from the Zr atom. For ZrCu10 there are too few Cu atoms

to form a full coordination shell. The removal of two additional electrons from the Cu{Zr

bonding orbitals lengthens the Zr{Cu distance but shortensCu{Cu distances.

To account for the competition between Zr{Cu and Cu{Cu bonding, we performed a

topological analysis of the Cu{poor clusters [25] (see Section A.8). Shown in Figure A.5 are

the CPs of the ZrCu12 and ZrCu10 clusters in a plane containing both Cu{Cu and Cu{Zr

bond paths. Indicative of a nearly 
at interstitial charge density there are no cage points in

the ZrCu12 cluster. This slowly varying charge yields a geometry in which ring points are

quite close to Cu{Cu bond points but further removed from theZr{Cu bond points|a fact

consistent with favoring Zr{Cu interactions at the expenseof Cu{Cu interactions [50, 55].
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Figure A.5: Contour diagrams of the charge density in the indicated planes for icosahedral
ZrCu12 (left) and ZrCu10 (right). The same contour values are used in both plots. Ring
critical points are designated with small green circles andbond critical points with small red
circles. The proximity of the ring and bond points in ZrCu12 is indicative of incipient bond
formation between the Cu atoms. For ZrCu12 the density, in electrons per�A3, at the Cu-Cu
bond point and the ring point is 0.261 and 0.257 respectively. For ZrCu10 the density at the
same critical points is 0.331 and 0.248.

106



When the orbital degeneracy is lifted through the removal of two of the coordinating Cu

atoms, and hence two electrons, charge density is lost from the region around the antinodes

of the now unoccupied 2 MOs. As a result ring and cage points are formed. As part of

this process, and as shown in Figure A.5 (right), the existing ring point moves closer to the

Cu{Zr bond CP while increasing its distance from the Cu{Cu bond CP. This shift intensi�es

Cu{Cu interactions at the expense of Cu{Zr interactions anddrives Cu atoms to pack to

`one side' rather than uniformly distribute themselves about the central Zr atom.

Starting from a slightly di�erent vantage point|though we c ome to the same conclusion|

the structure and stability of the Cu-poor clusters is a consequence of the weak splitting of

Zr's d-orbitals by the coordinated Cu atoms. This minimal splitting implies that the cluster

energetics are not particularly sensitive to Cu{Zr{Cu bondangles. Hence the most stable

structures will be those that maximize Cu{Cu bonding while maintaining Cu{Zr separations

and will always lead to structures formed from tetrahedra sharing faces.

The preference for tetrahedral structures is apparent from acritical point analysis of

CuZr in its stable B2 structure. Typically the B2 structure, AB, is characterized by a

second neighbor bond path between either A or B atoms [112]. For CuZr however there is

a Cu{Cu bond path between second neighbor Cu atoms and a Zr{Zrbond path between

second neighbor Zr atoms. Together with the Cu{Zr �rst neighbor bond paths, the B2

structure of CuZr possesses cage CPs only at tetrahedral holes and can be decomposed into

a set of tetrahedral (Cu2Zr2) bonding polyhedra. The typical B2 topology leads to cage CPs

at octahedral holes and a decomposition into octahedral bonding polyhedra.

A.5 Cluster Cluster Interactions

As was done to verify the nature of the reactions between Cu poor and Cu rich clusters,

we have have modeled reactions between ZrCun and ZrCum clusters wheren and m are

between 5 and 14. The procedure involved optimizing the geometry of the isolated clusters

and then loosely packing these and allowing the combined system to relax to a local energy

minimum. In all cases the resulting relaxed structure appeared as Zr-centered polyhedra
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sharing corners edges and faces.

The driving force for this sharing can be attributed to charge partitioning within clusters.

The net Bader charge [25] on a 14 fold coordinated Zr atom is +1.33 electrons and -0.10

electrons on the Cu atoms. As Cu atoms are removed from this coordination shell Zr d-

character is depleted, making the Zr Bader atom more positive. The maximum positive

charge on the Zr atom is realized in the ZrCu8 cluster with a charge of +1.38 electrons and

the charge on the nonequivalent Cu atoms ranging from -0.1 to-0.25 electrons.

In all clusters the Zr atom is an electrophile and the Cu atomsare weak to moderate

nucleophiles. In the asymmetric clusters CuZrn with n < 12, the Zr atom is plainly exposed

to nucleophilic attack from the Cu atoms [48, 153] of neighboring clusters. The resultant

`reaction' yields clusters bound through vertex, edge, or face sharing. The nucleophilic attack

by neighboring clusters is limited at one end by the local availability of Cu atoms and at

the other by an ultimate cluster coordination number of 14, beyond which further sharing is

energetically and sterically hindered.

Though all asymmetric Cu-poor clusters will undergo nucleophilic attack by the available

Cu electrons on the exposed Zr atoms of neighboring clusters, of particular interest are the

reactions between ZrCu5 clusters with nine electrons. These nine electrons will �llexactly

half of the cluster bonding band and will be electronically and chemically similar to transition

metals with a half �lled sd-band and characterized by large bulk moduli and small interatomic

separations e.g. Cr, Mo and W,

To test the above conjecture, we explored the con�guration space of ZrCu5 clusters, �nd-

ing several stable con�gurations but of particular note onewith C5v symmetry (Figure A.6)

and distinguished by a broad stability envelope|in the sense that large distortions are neces-

sary to carry it into the energy basin of another ZrCu5 con�guration. The net Bader charge

on the Zr atom is +1.04 electrons and on each of the Cu atoms is -0.21 electrons. This

particular con�guration is characterized by a signi�cant dipole. When these clusters were

loosely packed and allowed to relax they undergo a sort of ionic polymerization in which
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dipoles align and, depending on the initial con�guration ofthe loosely packed units, form

stable \strings" (Figure Figure A.6) of interpenetrating icosahedra of the type observed in

the simulations of Sheng et al. [126].

Figure A.6: Stable ZrCu5 cluster geometry (left) and the Zr4Cu20 cluster (right) self assem-
bled from four ZrCu5 clusters. The atom connections are intended only to emphasizes the
basic building unit and the icosahedral coordination of Zr atoms central to the polymer-like
strings.

Of particular signi�cance to the discussion here is not the formation of strings|whose

ultimate presence will depend the concentration of ZrCu5 cluster and other factors we have

not addressed|it is that the reaction between two ZrCu5 clusters produces clusters in which

Zr atoms are nearest neighbors. Our calculations indicate that the same will be true for the

reactions between any two clusters that share more than three Cu atoms.

A �rst coordination shell incorporating three or more Zr atoms has also been observed

as the product of reactions between multiple Cu-poor clusters. The structure and bonding

of the resulting ZrmCun clusters can no longer be understood in terms of the the simple

electron counting scheme represented by Figure A.3. However general features from that
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picture persist, including a low lying occupied region of the DOS characterized as Cu-Zr

bonding and a higher lying unoccupied region that is Cu-Zr antibonding. Where the all Cu

coordinated Zr centered clusters are characterized by nearFermi energy orbitals dominated

by the d-character on the central Zr atom, in clusters with multipleZr atoms in the �rst

coordination shell thed-orbitals from all the Zr atoms overlap to form a narrowd-band. The

bottom of this band is composed principally of Zr{Zr� -bonding orbitals, one of which is

generally the cluster HOMO.

With the consistent distribution of orbital character, Zr and Cu atoms continue to pos-

sess positive and negative Bader charges and behave as electrophiles/nucleophiles respec-

tively. All bonding between nearest neighbors is of� -character|displaying little angular

dependence|and hence favors ZrmCun clusters that are topologically close packed, i.e. tetra-

hedra sharing faces. The dominate glassy clusters can thus be seen as assembled from only

�ve tetrahedral moieties (Zr4, ZrCu3, Zr2Cu2, ZrCu3 and Cu4) sharing faces. A remarkable

fact is that these simple clusters manifest a topological sensitivity indicative of a general

structural instability that appeared as Jahn-Teller instabilities in the large Zr centered clus-

ters.

By way of example, shown in Figure A.7 are the bond paths and CPs for a single tetrahe-

dron and a pair of tetrahedra sharing a face, Zr2Cu2 and Zr2Cu3 respectively. Also depicted

are equivalent clusters from the non glass forming Cu{Au system.

On the one hand the topology of the Cu2Au2 tetrahedron is conventional, with a bond

path and bond CP along each tetrahedral edge, ring CPs in eachtetrahedral face, and a cage

CP at the center of the tetrahedron. When one face of this tetrahedron is capped, creating

two tetrahedra sharing a face, the topology is simply replicated. All of the tetrahedra of the

Cu{Au system share this property and hence can be stacked together like bricks without

disturbing the underlying conventional topology of each tetrahedron. We consider systems

with this property to possess `robust' topologies.
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Figure A.7: The bond paths and critical points of: (a) Cu2Au2, (b) Cu3Au2, (c ) Zr2Cu2,
and (d) Zr2Cu3. The lines mark the bond paths. Red, green, and cyan, spheresmark the
locations of bond, ring and cage CPs respectively.

111



On the other hand, though the low energy form of the �ve tetrahedral moieties from the

Cu{Zr system place the atoms at the vertices of nearly regular tetrahedra, their underlying

charge density topology is not always tetrahedral. For example, the bond paths and 2-ridges

[27{29, 154, 155] of the Zr2Cu2 cluster are highly curved. The bond points designating bond

paths between Cu and Zr atoms are extraordinarily close to the ring CP in the face with two

Zr atoms and one Cu atom at its vertices. There are only three ring CPs and no cage CPs.

As noted before, the absence of cage CPs when combined with theproximity of bond and ring

CPs is indicative of a 
at charge density near a structural and topological instability. This

latter observation becomes obvious through an inspection of the charge density of Zr2Cu3.

The resultant topology is not that of two tetrahedra sharinga face as in the Cu{Au system

but a single tetrahedron connected by a bond path to a Zr atom.The addition of the Cu

atom o� a tetrahedral face perturbed the charge density of the Zr2Cu2 cluster, causing the

nearly coincident bond and ring CPs to annihilate each other|a topological catastrophe.

We describe the charge density topology of Zr2Cu2 and the like to be `fragile' and do not

intend any reference to glass fragility. Topological fragility in organic molecules is associated

with reactive species.

One might suspect that the di�erences manifest by the Cu{Au and Cu{Zr tetrahedra

are caused by thed-bonding present in the latter system and absent from the former. This

is not the case, as a Zr4 tetrahedron displays a conventional and robust topology. To the

contrary, the origin of this e�ect is the high d-DOS at the cluster Fermi energy, which in

turn stems from the weak splitting of the Zrd-states by the Cu environment. Accordingly,

even small atomic excursions about the low energy structuremay cause unoccupied states

to move below the Fermi energy at the expense of occupied states. The resultant charge

redistribution causes the topology of the charge density tochange. The proximity of CPs

is the charge density analogue of a high Fermi energy DOS and both are indicative of a

susceptibility to Jahn-Teller instabilities.
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A.6 Glass functionalities

The rich cluster chemistry of the Cu{Zr system and its resulting sensitivity to Jahn-Teller

instabilities is a consequence of a few electronic characteristics, speci�cally:

1. A high density of solute (Zr) electronic states near the Fermi energy;

2. These solute states are coincident with the Fermi energy across a range of solute coor-

dinations;

3. In this range of compositions there are highly symmetric and/or topologically close

packed structures; and

4. Flat interstitial charge density that gives rise to incipient bond formation and topo-

logical fragility.

A compelling feature of our calculations is that all glass formers shared these electronic

features.

Of the non-glass formers modeled most were absent characteristic 1, those that were

not were absent characteristics 2 and hence 3. The di�erences between the general metallic

glass and a bulk metallic glass is a matter of degree rather than the absence of any single

characteristic. For example Ca-Al, Cu-Zr, Cu-Hf, Ni-Nb, and Pd-Si, all bulk glass formers,

possess 
atter charge densities and a greater range of cluster coordinations that bring the

solute'sd or p{levels into coincidence with the Fermi energy than do clusters from non-BMG

systems, e.g. Pt-Zr, Pd-Zr, Ni-B, and Fe-Si.

It is di�cult to explain why this set of features should be common among glass formers

and most prevalent in bulk glass formers unless they are characteristic of the functionalities

responsible for stabilizing MGs. For this reason we hypothesize that the combination of a

Jahn-Teller instability associated with incipient bond formation are essential characteristics

of good glass formers. To support our reasoning consider as an approximation to the structure

of a Cu-Zr liquid above its glass transition temperature, Tg, a distribution of Cu{Zr clusters
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exchanging Cu atoms and interacting in accordance with their local cluster chemistry. At any

instant some population of these clusters will be, for example, twelve fold coordinated and

hence (pseudo) Jahn-Teller unstable to radial excursions bya fraction of the coordinating Cu

atoms. Such excursions will necessarily move Cu atoms to thecoordination shells of nearby

Zr atoms|occasionally carrying them into a con�guration wh ich is JT-unstable etc. Jahn-

Teller stabilization energies on the order of thermal energies guarantees that these exchanges

are dynamic with frequencies of the same order as vibrational frequencies.

A characteristic of dynamic Jahn-Teller distortions, called vibronic motions [152], is that

sets of critical points are created and annihilated during each vibronic cycle. As one member

of this set must be electron poor relative to the average density and the other electron rich,

the vibronic excursions will produce alternating multipoles. We expect that the vibronic mo-

tions of nearby clusters will be correlated through mutipole-mutipole and mutipole-induced

mutipole interactions. The resulting correlated motion will reduce the energy of the vibronic

modes and yield an apparent binding energy between clustersthat do not necessarily share

atoms and stabilize a dynamic Jahn-Teller `phase.' With lowerenergy, a large population

of correlated modes will be active at the expense of random modes and the probability of

producing a critical nucleus for crystal growth will be reduced|improving glass formability.

It is interesting to consider the role of vibronic correlation in the context of the small

scale structural heterogeneity observed using combined RMC ab initio methods [127] and

EA [129] molecular dynamics approaches. As noted these studies revealed the presence of

string-like networks formed from interpenetrating Cu-centered icosahedra. These networks

are described as a \solid-like" back bone separating \liquid-like cores," where liquid-like

does not imply 
uidity but a distribution of polyhedra typic al of the liquid state. It has

been suggested [129] that the icosahedral strings may be thekey process in slowing down

the dynamics leading to glass formation by freezing out relaxation processes to prevent

crystallization.
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We see the strings as regions responding to the more constrained bonding and vibronic

excursions of the clusters in the liquid-like cores. Cu is anaccommodating element. Bonding

through a nearly spherical valence shell Cu centered clusters are less sensitive to cluster ge-

ometries and compositions. On the other hand, the partiallyoccupiedd-shell of Zr gives rise

to powerful directional preferences as manifest through Jahn-Teller instabilities. Above Tg

the liquid cores may be regions over which vibronic motions are correlated. The boundaries

between these regions will respond to vibronic motions by adopting the densest possible

structure, i.e. interpenetrating icosahedra. Though suchspeculation is fraught with un-

certainty, we are suggesting that our dynamic Jahn-Teller phase and the liquid like-cores

of References 127 and 129 are one and the same. The key point isthat this region and

the icosahedral strings cannot be considered independently|the Jahn-Teller phase causes

the icosahedral strings, or equivalently, the icosahedralstrings enable the dynamics of the

Jahn-Teller phase.

There are then at least two Jahn-Teller related parameters potentially a�ecting the crit-

ical cooling rate for glass formation: i) the vibronic correlation energy, and ii) the distance

over which the vibronically produced multipoles are screened|larger screening lengths will

yield greater vibronic correlation. The �rst of these factors relates to the strength of the


uctuating multipoles and their relative orientations. The second factor will be controlled

by the Debye radius of a non-homogeneous electron gas and will depend on the screening

mechanism. This mechanism was addressed in the discussion surrounding Figure A.5. Re-

call that as bonds and new critical points formed, the chargedensity around existing sets of

critical points polarized. In other words the new critical points were screened by changes to

existing sets of critical points. We expect therefore that the screening length will decrease

as the density of critical points and the charge density di�erence between these points in-

creases. Clearly for a given density, the screening distance will be a maximum when it is


at, and decrease as it varies more rapidly. It is not surprising that good glass formers are

characterized by 
atter charge densities as this allows their vibronic motions to be correlated
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more strongly and over greater distances.

In summary, we have identi�ed the chemical functionality mediating the critical cooling

rate of metallic glasses. This functionality is characterized by a Jahn-Teller instability that

is dynamic above Tg. These dynamic motions are accompanied by the formation andan-

nihilation of charge density critical points that produce alternating multipole moments and

correlated vibronic excursions. The energy lowering correlated vibronic interactions promote

the glassy state by suppressing the formation of critical nuclei and hence crystal growth. The

electronic condition that is likely to lead to a dynamic Jahn-Teller mode characteristic of

good glass formers is the result of an energy match that places a partially occupiedd, p or

possibly f -shell of a solute atom near the solvent's Fermi energy.
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A.8 Charge Density Analysis

Charge density analysis provides a powerful tool from whichto assess stability. This

formalism derives from Richard Bader's Quantum Theory of Atoms in Molecules (QTAIM)

[25, 72] and its recent extensions[28{30, 48, 50, 154].

QTAIM exploits the topological and geometric properties of the charge density,� (~r), a

three-dimensional scalar �eld partially characterized byits rank 3 critical points (CPs)|the

points wherer � (~r) vanishes. There are 4 types of rank 3 CPs in extended systems: local

minima, local maxima, and two types of saddle points. These are often denoted by their

(rank, signature) index, where rank is simply the dimensionality of space and signature is the

number of positive curvatures minus the number of negative curvatures. Thus a maximum

is denoted (3, -3) because the three principal curvatures are negative while a minimum is

denoted (3, +3) because all three curvatures are positive. Similarly, a saddle point where

two of the three principal curvatures are negative is a (3, -1) CP while the other saddle is a
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(3, +1) CP.

Through extensive studies Bader and others have shown that these CPs correlate with

features of molecular and solid-state structure [25, 26, 156]. The charge density at an atomic

nucleus is always a maximum. As such the (3, -3) CP is often referred to as an nuclear

CP. Topologically connected pairs of nuclear CPs are alwaysjoined by a ridge of maximum

charge density. This ridge possesses the topological properties imagined for the chemical

bond, which motivated studies showing the presence of such aridge between atoms that

conventional wisdom assumed to be bound. Accordingly, this ridge is referred to as a bond

path and the accompanying (3, -1) CP as a bond CP. The remaining CPs are also recognized

as provide information about chemical structure. A (3, +1) CP is required at the center of

ring structures (rings of bond paths), earning its designation as a ring CP. Cage structures

must enclose a single (3, +3) CP and these are given the name cage CPs.

In materials without free surfaces all four type of CPs are present. It is topologically

impossible to form a bond CP without simultaneously creating ring and/or cage CPs. Con-

ceptually a bond CP is a point of charge density accumulationas charge 
ows from the

vicinity of cage and ring CPs, which are therefore regions ofcharge density depletion. Usu-

ally one associate substantial charge accumulation in a bond CP with more stabilizing bonds.

One measure for the extent of charge density redistributionis the density di�erence between

a bond CP and its associated cage and ring CPs. Alternatively,the charge density di�erence

between CPs scales with their separation. And obviously a topological catastrophe results

when this distance goes to zero and CPs coincide.

Exploiting these observations allows us to describe bond breaking with a degree of rigor

missing from conventional chemical treatments of this phenomenon. Within the topological

formalism, the strength of a bond (path) can be unambiguously assessed in terms of a

number of geometric parameters of which the distance between critical points is one set. As

an example we have shown that the distance between critical points has the character of an

order parameter for a continuous phase transformation during which bond paths are both
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broken and formed [55]. It is for these reasons that we take the distance between the Cu{Cu

and Cu{Zr bond CPs and their associated ring CPs as a measure of relative bond strength.
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APPENDIX B - BOND EXPLORER PRE/POST-QUIZ FROM SUMMER 2016

Multiple Choice

1. Which force is most responsible for the formation of chemical bonds? (Figure B.1)

(a) electrostatic force (electromagnetic force)

(b) strong nuclear force

(c) weak nuclear force

(d) gravity

(e) These all contribute equally

Figure B.1: Contours for questions 2{5.

2. Which �gure best represents a contour plot of the electron density in carbon monoxide

(CO)?

3. Which �gure best represents a contour plot of the electron density in LiF?

4. Which �gure best represents a contour plot of the electron density in N2?

5. What type of bonds are present in PBr3?

(a) Non-polar covalent

(b) Polar covalent
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(c) Ionic

(d) Metallic

(e) None of these

6. What gets broken apart when liquid nitrogen boils? (Figure B.2)

(a) Polar covalent bonds

(b) Non-polar covalent bonds

(c) Intermolecular forces

(d) Ionic bonds

Figure B.2: Atom depictions for questions 7.i and 7.ii.

7. Two atoms of di�erent elements, A and B, come together and react. One is a metal

and one is a non-metal. The circles below represent the average atomic size before and

after the reaction. (Figure B.3)

(i) Which element is more electronegative? A or B

(ii) Which element is the metal? A or B

8. Which of the following substances is represented by the diagram below (Figure B.4)?

(a) Br2 (liquid)

(b) H2 (gaseous)
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Figure B.3: Diagram for question 8.

(c) Cu (solid)

(d) Ne (liquid)

(e) HCl (gaseous)

Figure B.4: Diagram for question 9.

9. Which of the following diagrams best represents the same substance (from the previous

question) above its boiling point?

Qualitative Questions:

1. What is a chemical bond? Are bonds made of matter (physical objects), and if so,

what are chemical bonds made of?

2. If you were to walk along a chemical bond from one atom to thenext, how would the

electron density change? Draw a sketch and brie
y explain itwith words.
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3. How does the electronegativity of an atom a�ect chemical bonding? In other words,

how does bonding change as we go from atoms of equal electronegativities to those

with very di�erent electronegativities?

4. Is there anything that all bonds have in common? If so, whatcommonalities do they

share?
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APPENDIX C - STUDENT RESPONSES TO QUALITATIVE QUESTIONS

Below is a list of the pre- and post-quiz short answer responses from the summer section

of CHGN 121. For the sketches that accompany the responses to question see Figure 4.4,

Figure 4.5, Figure 4.6, and Figure 4.7.

� Question 1: What is a chemical bond? Are bonds made of matter (physical objects),

and if so, what are chemical bonds made of?

{ Student 1

� Pre-Quiz: A chemical bond is a bond that can't be physically pulled apart.

Chemical bonds are made by intermolecular forces

� Post Quiz: A chemical bond holds two things together but it cannot be

physically broken

{ Student 2

� Pre-Quiz: A chemical bond is the bonding of two di�erent/same atoms to cre-

ate a substance. Bonds are composed of atoms and their electrons. Chemical

bonds are of the same

� Post Quiz: A chemical bond is when atoms are joined together to form a new

substance. They are composed of a bunch of atoms bonded together. Shared

electrons

{ Student 3

� Pre-Quiz: Chemical bonds are the forces that allow atoms andmolecules to

attach to each other. Chemical bonds are made of electrons.

� Post Quiz: A chemical bond is the attraction between two atoms that join

them into one. They are not made of matter.
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{ Student 4

� Pre-Quiz: Chemical bonds are the attraction forces that hold atoms together.

Chemical bonds are mode of the atoms/elements that they are conjoining

� Post Quiz: Chemical bonds are bonds that hold atoms together. Bonds are

made of the attractions between elements/atoms and their electrons.

{ Student 5

� Pre-Quiz: intermolecular forces, such as attraction between protons and neu-

trons

� Post Quiz: Chemical bonds are made by electromagnetic forces

{ Student 6

� Pre-Quiz: A chemical bond is a force that binds atoms or molecules together

and is an electromagnetic force

� Post Quiz: A chemical bond is the result of electrostatic forces between the

protons and electrons in di�erent atoms

{ Student 7

� Pre-Quiz: A chemical bond is when two or more atoms share, give-up, or

gain electrons from another atom(s). Therefore, bonds are in a way made up

of electrons.

� Post Quiz: A chemical bond is sort of the force that keeps atoms together.

Chemical bonds are made of overlapping electron densities.

� Question 2: If you were to walk along a chemical bond from one atom to the next, how

would the electron density change? Draw a sketch and brie
y explain it with words.

{ Student 1

� Pre-Quiz: They would be getting pulled in the direction that is most elec-

tronegative
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� Post Quiz: The electron density inside each atom is the largest. In between

atoms is where it is the weakest

{ Student 2

� Pre-Quiz: The density would change by becoming more dense where you are

stepping

� Post Quiz: The electron density will decrease when you leavethe �rst atom,

and then start to increase as you get closer to the second atom.

{ Student 3

� Pre-Quiz: The closer you walked to an atom the more dense the electron

cloud would be. The closer to the nucleus you are the more dense it is.

� Post Quiz: The electron density would decrease until you were perfectly in

between the two atoms and then it would increase.

{ Student 4

� Pre-Quiz: Electrons would become mixed with the other atom creating a

cloud of mixed electrons

� Post Quiz: The electron density would be much higher the closer you got to

the center of the atom and would get much less dense the farther away you

got so it would be least dense right between the atoms.

{ Student 5

� Pre-Quiz: It's denser in the middle between the two

� Post Quiz: Electron density would be greatest near the nucleus of each atoms

{ Student 6

� Pre-Quiz: The electron density increases as you approach the atom and is

lowest between atoms

� Post Quiz: The electron density decreases to a point betweenthe atoms.

Then increases as you approach the second atom.
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{ Student 7

� Pre-Quiz: The electron density would be stringer/denser around the nuclei of

the two atoms; \medium" density in between them; and low density on the

far sides of the atoms.

� Post Quiz: The electron density at point one would be the veryhigh. As you

walk to point 2 (JM { the other nucleus) along the dotted line the electron

density decreases until point 3 (JM | saddle point), as you approach point

2 the electron density increases again. The electron density at point 3 is the

same as point 1 very high.

� Question 3: How does the electronegativity of an atom a�ect chemical bonding? In

other words, how does bonding change as we go from atoms of equal electronegativities

to those with very di�erent electronegativities?

{ Student 1

� Pre-Quiz: Bonds with equal electronegativities are going tobe stronger than

ones with very di�erent electronegativities

� Post Quiz: Atoms with equal electronegativities are more likely to share

electrons where unequal electronegaticies there will be more of a transfer of

electrons

{ Student 2

� Pre-Quiz: The bonds become greater with di�erent electronegativities be-

cause there is a greater attraction between the two. If thereis more pull,

there is more bondage.

� Post Quiz: The bonding will change because there will be moreof an at-

traction when the electronegativities are di�erent, causing a stronger bond to

form
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{ Student 3

� Pre-Quiz: The atom that is more electronegative attracts more strongly that

other atom. It will also draw the electrons close to its nucleus and further

from the nucleus of the less electronegative atom.

� Post Quiz: An atom of equal electronegativity will form a bondwhere both

atoms hare the electrons equally, while an atoms that is moreelectronegative

will attract more electrons around itself than the other atoms.

{ Student 4

� Pre-Quiz: The more electronegative an atom is the stronger the chemical

bond it can create gets. The less electronegative an atom is,the harder it is to

maintain a chemical bond, unless paired with a stronger/more electronegative

atom

� Post Quiz: As we go from equal electronegativities to very di�erent ones.

The bonds gets much stronger.

{ Student 5

� Pre-Quiz: very di�erent much stronger bonds

� Post Quiz: It a�ects types of bonds (whether electrons are shared or stolen)

and the strength of the bond.

{ Student 6

� Pre-Quiz: The greater the di�erence between the electronegativities, the

stronger the bond

� Post Quiz: Atoms with the same electronegativities have nonpolar covalent

bonds, atoms with slight di�erences in electronegativity have polar covalent

bonds, and large di�erences are ionic bonds.

{ Student 7
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� Pre-Quiz: The greater the di�erence in electronegativities of atoms, the more

they \want" to bond.

� Post Quiz: The bigger the electronegative di�erence between atoms is the

more they \wants" to bond

� Question 4: Is there anything that all bonds have in common? If so, what commonal-

ities do they share?

{ Student 1

� Pre-Quiz: They all have electron on the shell and di�erent electronegativities

on the inside

� Post Quiz: The thing similar in each bond is that electrons jump from one

atom to another. They might share or totally transfer but there is some sort

of change in electrons

{ Student 2

� Pre-Quiz: All bonds include electrons, whether it be sharingof donating

� Post Quiz: Bonds are all composed of atoms and involve electrons.

{ Student 3

� Pre-Quiz: All bonds have some degree of attractive forces andhave some sort

of bend to them

� Post Quiz: All bonds are an attraction of the electrons to the protons. All

bonds have the electron cloud overlapping.

{ Student 4

� Pre-Quiz: All bonds combine atoms together and their forces hold them

together

� Post Quiz: Many chemical bonds involve electrons, either the transfer or

sharing of them
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{ Student 5

� Pre-Quiz: They hold atoms together? Related to electrons

� Post Quiz: They create attraction due to charge. Electronegativity is impor-

tant

{ Student 6

� Pre-Quiz: They are a force that holds atoms together

� Post Quiz: All bonds have a rearrangement of electrons. Whether the elec-

trons are transferred or shared.

{ Student 7

� Pre-Quiz: All bonds involve electrons

� Post Quiz: All bonds have overlapping/shared electron densities.
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APPENDIX D - HANDOUT: \IT'S ALL ABOUT THE ELECTRONS"

The world of engineering and engineering sciences is dominated by the electromagnetic

force. It is this force that we can a�ect and often control, which allows us to make new

things with useful properties | vaccines to �ght disease, stronger and lighter materials

to save energy and improve safety, and even molecules that gather information to help us

better understand the physical word. In all of these examples, and many more, our ability to

make molecules and materials comes from understanding and ultimately controlling electron

motion.

As you may know, atomic electrons are in constant motion aboutthe tiny but massive

nucleus. An electron's mass is about 1/2000 that of a proton orneutron, and it is moving

very fast compared to the nucleus. While an electron is traveling at 3 to 10 million meters

per second, even a fast nucleus is moving at less than one thousandth this speed | a 1000

or so meters per second.

As a mental image think of an atom as a bee hive. At the center of the hive is the queen

bee, which we will take as the location of an atomic nucleus. The electrons are the worker

bees, making circuits about the hive. If the beekeeper movesthe hive a bit, the circling

bees simply move along with the hive | their motion is fast compared to that of the hive.

But how fast? Well, the \electron bees" are moving much faster than the ordinary bees of

our experience. In one second, an individual electron bee will make between 1016 and 1017

circuits around the hive. They are moving so fast that to youreye they appear as a blur, and

you cannot specify their location. What you can specify is a bee's most probable location. It

is more probable that you will �nd bees where the blur is more opaque. And, as you might

imagine, it is more probable that you will run into a bee near the center of the hive than 10

meters away.
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This picture of bees moving about a hive is all well and good, but let's get a little more

quantitative and assign numbers to our blur, remembering that we are really talking about

the moving electrons around an atom's nucleus. Let's imaginetaking a small volume, � V , at

some distance from the nucleus. Through some process, we count the number of electrons,N ,

that pass through this volume in, say, a nanosecond (109 seconds). We will de�ne a quantity

� (rho) as N (the number of electrons present) divided by the product of the volume and

time of our observation:

� =
N

� V � 10� 9
(D.1)

Note that if we double the time of our observation (two nanoseconds) we would expect

to �nd twice as many electrons in this volume:

2N
� V � 2 � 10� 9

= � (D.2)

Thus, � is independent of the time over which the observation is made. � is called the

electron density with units of electrons per volume.

Now this is one of the most important things you will learn in chemistry, so remember

it:

All physical and chemical properties result from changes in the electron density.

During a chemical reaction the electron density changes. For things that are very reactive,

the electron density changes more than for things that are inert and unreactive. When you

push or pull on an object, it is the electron density of the atoms within that object that

changes. Whether a material is hard or soft depends on the nature of that change. The

temperature and pressure at which a substance boils, sublimes or melts is controlled by

changes in the electron density. Whether a material is strongor weak, ductile or brittle, red

or blue, a conductor or an insulator is determined by its electron density and how it changes

when pushed pulled, illuminated, or shocked. If you want to control properties and make

new things, ultimately (whether you do it intentionally or not) you will need to control the
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electron density. So \it is all about the electron density."

D.1 Why learn about electron density?

Before getting in any deeper, let's look at why we want to understand even more details

about electron density. Why isn't it enough to just understand the \traditional" picture of

a molecule as atoms connected by lines? Let's take a simple molecule, N2, as an example

(Figure D.1). The traditional pictures (based on theories developed about 100 years ago)

show lines between nitrogen atoms, like this:

Figure D.1: Traditional depiction of N2.

What do the lines mean? Are there six electrons stuck on three lines between the two

atoms? Is the electron charge smeared out along those lines?Are there electrons above and

below the lines? What do the dots mean? Are there really two electrons stuck on the side

of each nitrogen? If not, how are they smeared out? Are the atoms actually hard spheres

as shown at right? The pictures do NOT tell us ANY of that information. The traditional

pictures shows electrons as lines and dots, or as spheres, not as smeared out regions of

negative charge which they really are.

For most purposes in freshman-level chemistry, the dot structure of a molecule gives us

plenty of information to make predictions about the properties of a substance. We will use

it a lot. For example, does the substance have an ionic or covalent bond? To �gure that out,

we would just need to know the electronegativity of each bonded atom. How strong is the

bond? Again, those values have been tabulated for many substances, and we can look them

up. Those pieces of information are enough to calculate the energy of a reaction or predict

132



the melting point for most common substances. However, it turns out that if we want to

design better materials with new and useful properties not yet seenin natural substances |

if we want to be molecular engineers | we need to control the electron density between

those atoms. Molecular engineering is a huge part of many modern engineering disciplines,

from petroleum to mechanical to geological or environmental engineering. It is also the

foundation of most �elds of chemistry.

For example, let's say we want to make a stronger variation ofsteel. Steel is comprised

mostly of iron-iron bonds, with some carbon and nickel or other atoms present in small

amounts. What do those other atoms do? They change the electron density! In so doing,

they give the steel di�erent properties they make the iron-iron bonds stronger, or sti�er, or

more resistant to rust.

In the past, engineers used materials with known propertiesto design their structures.

In the present (and the future), engineers design new materials from scratch to create the

properties they want. If you want to design new substances and materials, with better

properties stronger steel to make a bridge, or a fracking 
uid that does not seep into the

water supply, or a pain reliever that is absorbed better by the body you must how the

electron density needs to change, then �gure out how to make it happen. Then you are on

the path to becoming a molecular engineer.

D.2 Drawing Electron Density

Given how important electron density is, we need ways to represent it in detail and see

how it changes when bonds form. We are going to use three di�erent representations for the

electron density. Here we will use the nitrogen atom to illustrate each of these representa-

tions. Single atoms are particularly easy because they are spherically symmetric (look the

same when viewed from any angle). The utility of the electrondensity representations will

become obvious as we start to look at molecules, none of whichhave spherical symmetry.

(Don't discount what follows even if it seems very simple!)
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The �rst representation we call theelectron fog (Figure D.2). Just as its name implies,

the electron density is drawn as a cloud using dots. Where the electron density is the highest,

there are more dots. The �gure to the right is a fog picture of the electron density about a

nitrogen atom. Note that the density falls o� quickly moving away from the nucleus at the

center of the fog.

The fog representation (Figure D.2) provides a 3D picture of the electron density, but it

is not particularly quantitative. The second model eliminates that problem, but we also lose

much of the 3D information. This model (right image in Figure D.2) is called the probability

surface or isosurface representation. It is depicted as a surface on which the value of the

electron density is everywhere the same. For an atom, this will be a sphere (in molecules it's

more complicated).

Figure D.2: Depiction of electron fog (left) and a probability surface (right).

The question is: What value of probability should we pick to draw a sphere around? We

generally draw a sphere that contains 90 or 95% of the electrons in the atom or molecule.

For example, the 90% surface of nitrogen (with 7 electrons) is shown above. Each time we

look, we would expect to �nd 6.3 electrons inside the sphere and 0.7 electrons outside the

sphere. The radius of this sphere is called theatomic radius , and it is this representation

that leads to the picture of an atom as spheres. But be careful: atoms and molecules do not
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have hard surfaces inside of which all of the electrons are located! Again we can think of a

beehive: the bees are spread out and in constant motion, and there is always some chance

that a few of the bees are far away from the hive.

D.3 Contour Plots of Atoms

The isosurface model (Figure D.3) gives information about the \shape" of a molecule or

atom, but it doesn't give us much detail about the distribution of electrons inside or outside

of that surface. We could, however, get a lot of useful information with a set of nested

surfaces with progressively greater probability values, like the picture here. We have sliced

through the concentric probability surfaces of nitrogen sowe can better see how they are

nested.

The orange sphere closest to the center is the 10% probability surface | for a su�ciently

long measurement, one will always �nd one electron inside this orange sphere for every nine

found outside. The blue, red, green, and purple spheres are respectively the 50, 80, 90 and

95% probability surfaces. While this gives us lots of information, it is very hard to draw and

interpret such nested surfaces.

Figure D.3: Contour diagram (left) and corresponding hemispherical isosurfaces (right).
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To get around this di�culty, we can simply draw the nested circles formed by cutting

the plane through the surfaces, as in Figure D.4. Such plots are called contour diagrams and

provide information about the shape and distribution of electron density in a speci�c plane.

As with the probability surface, the contours delineate a region inside which the proba-

bility of �nding an electron has some particular value. You can also think of it as a line on

which the value of the electron density is everywhere the same. For example, everywhere on

the purple contour line, the value of the electron density is0.05 electrons per unit volume.

(In this case the volume is 1 cubic Angstrom: 10-30 m3.) This same boundary denotes the

intersection of the 95% probability surface with a plane passing through the nucleus.

You can think of this like a \topographic map" of the atom. A topographic map relays

three-dimensional elevations on a two dimensional plot. Each line represents a line or path

with the same elevation. Similarly, the lines on our atomic contour plot represent a line or

path with the same electron density.

Figure D.4: Topographical map with a 2D surface (left) and corresponding contour diagram
(right).
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D.4 Contour Plots of Molecules

Now apply this idea of the contour map to an actual molecule. Atright is a black and

white contour plot of the electron density for N2 (Figure D.5). The two innermost rings

combined encompass 50% of the total electron density, and each successive ring encompasses

an additional 5% of the density. That means most of the electrons are found within the

innermost contour, with density decreasing as we move away from the nuclei.

Figure D.5: Contour plots of the charge density for N2 (left) and BeO (right).

D.5 Exploring the Electron Topography

Let's look at the electron density another way, by plotting the magnitude of the electron

density along the internuclear axis (i.e. along the \bond"). Figure D.6 shows the magnitude

on the charge along the internuclear axis for N2. You can think of this like the topography

of the molecule: starting at one nucleus | a peak in the electron density | and moving

toward the other, the electron density drops, just like it would as you descend on a ridge

between two mountain peaks. The density drops along this ridge to its minimum, which is a

saddle point in the density (goes up toward the nuclei, but drops o� in the other direction).

The electron density increases again as we approach the second nucleus. The two nitrogen

atoms share electron density equally, which results in a symmetrical slope down from each

nucleus to the saddle point, which is exactly halfway between the two nuclei.
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Figure D.6: Electron density along the internuclear axis (red line) in N2 (left) and BeO
(right).

D.6 Electronegativity

In N2, the cores of both atoms (the nuclei plus innermost electrons) feel the same pull,

or a�nity, for the outermost electrons. Thus, we see that theelectrons are pulled equally

toward each N atom. What if the two atoms have a di�erent relative a�nity for the outer

electrons? Then the electron density would be pulled more toward one atom than another,

as we see in BeO (shown at right). How can we tell which atom pulls the electrons more

toward itself? Look at the shape of the contours; the oxygen (on the right of the �gure)

has spread out contours because it is \reaching" out to get encompass more electrons. The

beryllium atom, on the left, shows a set of very tight contours, meaning that its electrons

are pulled in closer to it's nucleus. From this, we can tell that the oxygen has more a�nity

for the electrons than beryllium we say that O is more electronegative than Be.

Plotting at the slopes in the \electron topography" of BeO more clearly demonstrates

how the density changes between atoms with di�erent electronegativities. In BeO, we can see

that there is a steep drop-o� moving away from the beryllium and a relatively more gentle
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slope moving towards the oxygen atom. The more electronegative oxygen atom makes a

broader \mountain", encompassing more total electrons than the beryllium. This pushes

the saddle point closer to the beryllium, the less electronegative atom.
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APPENDIX E - LAB DEVELOPMENT

The following lab was designed to help students in organic chemistry discover the reac-

tivity trends for nucleophilic substitution reactions. This lab is second in a series of three

ADF labs developed for the organic chemistry curricula and istherefore a student's second

exposure to computational chemistry and the ADF suite speci�cally. The lab has students

model both an SN 1 and SN 2 reaction, with each student modeling nucleophilic substitution

of a bromine atom by either a chlorine, bromine, or iodine atom with the carbon undergoing

the SN 1/2 reaction being either a primary, secondary, or tertiarycarbon. The work is dis-

tributed among the students such that activation energy barriers for all 18 possible reactions

are calculated. This allows students to see the reactivity trends for the three di�erent carbon

environments and three di�erent halogens for both SN 1 and SN 2 reactions.

E.1 Investigating Nucleophilic Substitution Reactions with ADF

This week's lab will build on what you did in the previous ADF lab by moving from only

looking at geometries to investigating full chemical reactions! This is done by running a

"Linear Transit" where you choose initial and �nal bond lengths for SN 1 and SN 2 reaction

(i.e. initial and �nal bond length for either a nucleophile or leaving-group and the carbon it

is or will be attached to). The program will then run a series of geometry optimizations as

it slowly moves from the initial bond length to the �nal bond length. This will allow you to

calculate an approximate activation energy for a given reaction and thus be able to determine

relative reactivities for a set of halogenated hydrocarbons.

Background Material

Nucleophilic substitution reactions involve the formationof a nucleophile-carbon bond at

the expense of a leaving group-carbon bond. A general nucleophilic substitution reaction is

shown below where \Nu" represents the nucleophile and \X" represents the leaving group.

There are two classes of nucleophilic substitution reaction: SN 1 and SN 2 (see Figure E.1).
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Figure E.1: Nucleophilic substitution.

SN 1 reactions involve two distinct mechanistic steps, carbocation formation and nucle-

ophilic attack. The �rst step requires the breaking of the leaving group-carbon bond, result-

ing in the formation of a carbocation. In the second step the nucleophile attacks the highly

reactive carbocation resulting in formation of the substitution product (Figure E.2). The

formation of the carbocation is a relatively slow process and therefore the �rst step is the

rate determining step.

Figure E.2: SN 1 reaction mechanism.

SN 2 reaction proceed via a single-step, i.e. concerted, mechanism in which the nucleophile

attacks the electrophilic carbon - displacing the leaving group in the process (Figure E.3).

SN2 reaction result in an inversion of the substituents boundto the electrophilic carbon.
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Figure E.3: SN 2 reaction mechanism.

In today's lab you will use computational chemistry tools toexplore how di�erences in

carbon environment (1o vs. 2o vs. 3o) and leaving group a�ect reactivity for both SN 1 and

SN 2 reactions. Your group will be assigned a halogen to act as your leaving group (X) and

calculate reaction energy barriers (activation energy) using the three molecules shown below

for both SN1 and SN2 reactions | 6 reactions total.

Procedure

Part 1 | Geometry Optimization

1. Build the your three assigned molecules

(a) You can use the ADF Input GUI directly or build the structures in ChemDraw

and export coordinates then import to ADF Input

(b) Make sure to run the Pre-Optimizer (click the cog-wheel)to get your molecule

close to the true geometry

2. Select the Geometry Optimization preset

(a) Use the default presets EXCEPT, change the basis set to TZP

(b) Save and run all three geometries

i. Divide the work among your group such that each member calculates one

structure each
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ii. Once the Geometry Optimization successfully completesmove on to the next

section

Part 2 | S N 2 Linear Transit

3. Open the three optimized structures calculated in Part 1

(a) Save the �les under a new name

i. You want a new �le name so that you don't overwrite your previous calcula-

tions - you will need these geometry calculations again in Part 3!

4. On the Main tab, change the Preset to Linear Transit

(a) Make sure to use the TZP basis set

(b) All other presets on the Main tab should be kept the same

5. Select the Model tab

(a) Select Geometry Constraints and Scan

(b) On your molecule select the halogen and carbon the halogen's attached to

i. Hold Shift and click the halogen and attached carbon

(c) Once the two atoms are selected, you should see a little \plus sign" (+) next to

\X() C() (distance)" where X = your halogen (see Figure E.4)

i. Click the \plus sign" (+)

ii. This should change the \plus sign" into a \minus sign" (� ) and show two

boxes containing the same number twice (see Figure E.5)

A. These two numbers are the initial and �nal separation distances for the

two selected atoms

B. Keep the �rst number the same, this will have the calculation begin with

the optimal C-X bond length
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C. Change the second number to the �nal distance

A. If X = Cl, second number = 6

B. If X = Br, second number = 7

C. If X = I, second number = 8

Figure E.4: How to set coordinates for linear transit part 1.

6. Select the Model tab (again)

(a) Select Solvation method

i. Select COSMO

(b) Select Solvent

i. Select Methanol

(c) Leave all other presets the same (see Figure E.6)

7. Select the Details tab
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Figure E.5: How to set coordinates for linear transit part 2.

Figure E.6: How to set solvent for linear transit.
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(a) Select SCF Convergence Details (see Figure E.7)

i. Half-way you should see three boxes related to \Electron smearing"

A. Set Electron smearing, initial = 0.0025

B. Set Electron smearing, �nal = 0.0025

C. Set Electron smearing, number = 1

Figure E.7: How to set electron smearing.

8. Your calculation is now all set!

(a) Save and run the �le

Part 3 | S N 2 Linear Transit

9. Open the three geometry optimizations calculated in Part1

(a) Save the �les under new names (don't overwrite your previous geometry or SN 1

calculations!)
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10. Change the Preset to Linear Transit

(a) Set the Total Charge = � 1 (minus one)

(b) Make sure to use the TZP basis set

(c) Add a Br atom

i. Try to place the Br opposite of your halogen

(d) Select the Br atom and the electrophilic carbon

i. Change the bond length to 500pm

A. You can select the box in the bottom right of the molecule viewing window

and type a new bond length, or use your mouse and the slider that appears

below the molecule (see Figure E.8)

Figure E.8: How to adjust atom placement and bond length part 1.

11. Select the Model tab

(a) Select Geometry Constraints and Scan
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(b) On your molecule select the Br anion and electrophilic carbon

(c) Once the two atoms are selected, you should see a little \plus sign" (+) next to

\X(#) C(#) (distance)" where X = Br anion (see Figure E.9)

i. Click the \plus sign" (+)

ii. This should change the \plus sign" into a \minus sign" (� ) and show two

boxes containing the same number twice (see Figure E.9)

A. The �rst number should be 5.0 (or something close to 5)

B. Change the second number to 1.8

Figure E.9: How to adjust atom placement and bond length part 2.

12. Select the Details tab

(a) Select SCF Convergence Details

i. Half-way you should see three boxes related to \Electron smearing"

A. Set Electron smearing, initial = 0.001
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B. Set Electron smearing, �nal = 0.001

C. Set Electron smearing, number = 1

A. Note: these smearing values are di�erent from those you usedfor the

SN 1 reaction!

13. Your calculation is now all set!

(a) Save and run the �le

Part 4 | Calculating Reaction Barriers

14. Select one of your linear transits in the ADF Jobs window. Select SCM ! Movie (see

Figure E.10 and Figure E.11)

(a) Select Graph! Energy

(b) Select View! Converged Geometries Only

i. This should give you a smooth reaction progress curve

15. Determine your approximate reaction energy barrier

(a) Determine the minimum energy for the reactants and the energy for the transition

state

(b) For SN 1 the energy of the reactants should be the energy of the �rst converged

geometry (see Figure E.12)

(c) For SN 2 the energy of the reactants should be somewhere between the2nd and

4th converged geometry (see Figure E.13)

(d) Calculate the energy barrier for each reaction

i. Take the di�erence between the transition state energy and energy of reac-

tants.
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Figure E.10: How to add an energy plot to the linear transit movie, part 1.

150



Figure E.11: How to add an energy plot to the linear transit movie, part 2.

ii. Convert Hartrees (units given by ADF) into kcal/mol

A. 627.509 kcal/mol = 1 Hartree

(e) Record your reaction barriers in you lab notebook

Discussion Questions

1. Based on your calculated reaction barrier energies, which carbon environment would

you expect to be most reactive with respect to ...

(a) ... SN 1 reactions?

(b) ... SN 2 reactions?

2. Based on your calculated reaction barrier energies, which carbon environment would

you expect to be least reactive with respect to ...

(a) ... SN 1 reactions?

(b) ... SN 2 reactions?
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Figure E.12: SN 1 reaction barrier.

Figure E.13: SN 2 reaction barrier.
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3. Thinking back to the two previous questions, what kinds ofchemical e�ects in
uence

... (e.g. steric e�ects, carbocation stability, etc...)

(a) ... SN 1 reactivity?

(b) ... SN 2 reactivity?

4. How do your calculated energy barriers compare to those done by your classmates?

(a) Which leaving group (X) had on average the lowest energy values?

(b) Which leaving group (X) had on average the highest energy values?

(c) What does this imply about the reactivity of your leaving group (X)?
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APPENDIX G - FULL BOND CP DATA

The tables below provide the full bond CP data set analyzed inChapter 3 of this thesis.

Table G.1: The �rst segment of the full bond CP data set referenced in Chapter 3.

O{H CBr3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34351 0.35129 0.35143 0.35295 0.35147 0.34971
� 1 -1.66120 -1.65384 -1.66368 -1.67728 -1.67438 -1.68203
� 2 -1.63380 -1.62273 -1.63354 -1.64644 -1.64220 -1.65057
� 3 1.32232 1.39885 1.37712 1.37411 1.36704 1.34298

Alcohols
CBr3CH2OH

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.34679 0.35506 0.35484 0.35609 0.35559 0.35374

� 1 -1.66103 -1.65481 -1.66511 -1.67646 -1.67418 -1.68233
� 2 -1.61856 -1.60833 -1.61940 -1.62894 -1.62730 -1.63709
� 3 1.32697 1.40627 1.38256 1.37532 1.37218 1.34314

CBr3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34919 0.35784 0.35746 0.35874 0.35817 0.35615
� 1 -1.67357 -1.66975 -1.67918 -1.69125 -1.68718 -1.69483
� 2 -1.62711 -1.61966 -1.62962 -1.63962 -1.63720 -1.64618
� 3 1.34369 1.42318 1.39881 1.39119 1.39030 1.35982

CBr3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34809 0.35719 0.35659 0.35780 0.35750 0.35527
� 1 -1.66336 -1.66153 -1.67042 -1.68266 -1.67965 -1.68751
� 2 -1.61601 -1.61068 -1.62011 -1.62983 -1.62826 -1.63722
� 3 1.33926 1.41967 1.39438 1.38488 1.38627 1.35344

CBr3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.35274 0.36103 0.36087 0.36210 0.36155 0.35968
� 1 -1.67478 -1.66993 -1.67966 -1.69010 -1.68770 -1.69381
� 2 -1.62512 -1.61676 -1.62686 -1.63520 -1.63417 -1.64188
� 3 1.35274 1.43179 1.40793 1.39944 1.39947 1.36928
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Table G.2: The second segment of the full bond CP data set referenced in Chapter 3.

C=O
Acids

CH3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.425479 0.425937 0.424408 0.418826 0.428120 0.422131
� 1 -1.140522 -1.157697 -1.139389 -1.127561 -1.187357 -1.163592
� 2 -1.008561 -1.015206 -1.000565 -0.959126 -1.034977 -1.011423
� 3 1.516071 1.505288 1.544956 1.703162 1.538123 1.694820

CH3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.424684 0.425161 0.423629 0.418006 0.427312 0.421285
� 1 -1.137183 -1.154335 -1.136018 -1.124066 -1.183681 -1.159539
� 2 -1.007980 -1.014384 -0.999746 -0.957904 -1.034305 -1.010966
� 3 1.519537 1.508485 1.548656 1.708813 1.542409 1.700425

CH3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.424706 0.425184 0.423650 0.418018 0.427222 0.421055
� 1 -1.137290 -1.154327 -1.136007 -1.123804 -1.182601 -1.158054
� 2 -1.008184 -1.014556 -0.999942 -0.958318 -1.034016 -1.010902
� 3 1.519682 1.508821 1.549059 1.709736 1.543734 1.704671

CH3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.424459 0.424934 0.423403 0.417780 0.426983 0.420816
� 1 -1.135910 -1.152927 -1.134611 -1.122384 -1.180840 -1.156137
� 2 -1.006951 -1.013424 -0.998781 -0.957251 -1.033353 -1.010249
� 3 1.515510 1.504782 1.544870 1.705436 1.538198 1.698615

Esters
CH3COOCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.422815 0.423323 0.421824 0.416360 0.425528 0.419591

� 1 -1.122211 -1.138179 -1.120663 -1.107871 -1.167732 -1.143925
� 2 -0.999656 -1.005417 -0.991116 -0.951812 -1.026517 -1.004904
� 3 1.495020 1.482982 1.523190 1.685565 1.515869 1.673858

CH3CH2COOCH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.421253 0.421770 0.420278 0.414760 0.423986 0.417993
� 1 -1.116450 -1.131718 -1.114444 -1.102046 -1.163884 -1.140084
� 2 -0.996164 -1.000478 -0.986538 -0.947898 -1.022067 -1.001385
� 3 1.497173 1.485046 1.525382 1.687238 1.519120 1.674624
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Table G.3: The third segment of the full bond CP data set referenced in Chapter 3.

CH3CH2CH2COOCH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.420931 0.421432 0.419938 0.414418 0.423519 0.417556
� 1 -1.115058 -1.130300 -1.112970 -1.100330 -1.161860 -1.137991
� 2 -0.995269 -0.999672 -0.985700 -0.947323 -1.021035 -1.000757
� 3 1.497059 1.484389 1.524539 1.685685 1.517312 1.673634

CH3CH2CH2CH2COOCH2CH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.421062 0.421571 0.420072 0.414523 0.423627 0.417485
� 1 -1.115326 -1.130682 -1.113325 -1.100655 -1.160736 -1.136138
� 2 -0.995296 -0.999986 -0.985912 -0.947439 -1.021579 -1.000713
� 3 1.500784 1.488929 1.528483 1.686517 1.521356 1.676580

Ketones
CH3COCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.415064 0.414807 0.410905 0.407701 0.416382 0.410218

� 1 -1.085200 -1.097310 -1.064867 -1.071289 -1.123306 -1.099500
� 2 -0.994130 -0.999350 -0.978957 -0.942128 -1.013740 -0.984814
� 3 1.546523 1.546573 1.583084 1.758392 1.591077 1.756918

CH3CH2COCH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.413132 0.412928 0.413710 0.405808 0.414510 0.408334
� 1 -1.071848 -1.082708 -1.081761 -1.055437 -1.110868 -1.086604
� 2 -0.994040 -0.997876 -0.985242 -0.942400 -1.013169 -0.986120
� 3 1.547963 1.547739 1.584990 1.759740 1.594761 1.761751

CH3CH2CH2COCH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.413072 0.412887 0.411845 0.405715 0.414332 0.407927
� 1 -1.070357 -1.081570 -1.067894 -1.054686 -1.107433 -1.082141
� 2 -0.992111 -0.996697 -0.984295 -0.940879 -1.012291 -0.984026
� 3 1.550932 1.549500 1.584962 1.759794 1.595307 1.758760

CH3CH2CH2CH2COCH2CH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.413001 0.412807 0.411785 0.405645 0.414269 0.407911
� 1 -1.069964 -1.081093 -1.066597 -1.054053 -1.108663 -1.083773
� 2 -0.991632 -0.996323 -0.982829 -0.940537 -1.012344 -0.984257
� 3 1.549755 1.550060 1.573598 1.757780 1.595854 1.758233
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Table G.4: The fourth segment of the full bond CP data set referenced in Chapter 3.

CO-O
Acids

CH3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.297663 0.297713 0.297564 0.294556 0.299129 0.296056
� 1 -0.670984 -0.680575 -0.668561 -0.657737 -0.689447 -0.662316
� 2 -0.627506 -0.634935 -0.625292 -0.615781 -0.655537 -0.646099
� 3 0.645676 0.644012 0.626434 0.643211 0.630063 0.636934

CH3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.296630 0.296713 0.296571 0.293506 0.298077 0.294950
� 1 -0.663237 -0.672737 -0.660844 -0.649073 -0.681136 -0.653702
� 2 -0.624665 -0.631757 -0.622261 -0.612647 -0.652352 -0.643054
� 3 0.643877 0.641741 0.624707 0.643521 0.628855 0.638180

CH3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.296436 0.296507 0.296366 0.293300 0.297752 0.294538
� 1 -0.663200 -0.672569 -0.660648 -0.648774 -0.680109 -0.652231
� 2 -0.623665 -0.630776 -0.621253 -0.611496 -0.650493 -0.641082
� 3 0.642630 0.640447 0.623360 0.641728 0.628005 0.638179

CH3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.296304 0.296362 0.296226 0.293167 0.297678 0.294479
� 1 -0.662767 -0.672019 -0.660145 -0.648229 -0.680321 -0.652522
� 2 -0.623145 -0.630253 -0.620727 -0.610985 -0.650221 -0.640757
� 3 0.641695 0.639576 0.622385 0.640368 0.626266 0.635449

Esters
CH3COOCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.301530 0.301802 0.301402 0.298222 0.303238 0.299838

� 1 -0.685527 -0.694850 -0.682198 -0.670420 -0.704297 -0.675758
� 2 -0.627146 -0.634960 -0.624591 -0.614245 -0.656398 -0.646776
� 3 0.668142 0.663777 0.648910 0.670807 0.652886 0.667425

CH3CH2COOCH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.300225 0.300598 0.300183 0.297050 0.301602 0.298123
� 1 -0.674520 -0.683779 -0.671282 -0.658357 -0.691986 -0.663413
� 2 -0.624484 -0.631245 -0.621186 -0.611412 -0.650142 -0.641118
� 3 0.659891 0.654794 0.639932 0.660921 0.646655 0.662108
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Table G.5: The �fth segment of the full bond CP data set referenced in Chapter 3.

CH3CH2CH2COOCH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.300122 0.300503 0.300075 0.296874 0.301684 0.298229
� 1 -0.674554 -0.683770 -0.671192 -0.657945 -0.693170 -0.664763
� 2 -0.623951 -0.630661 -0.620575 -0.610601 -0.650874 -0.641983
� 3 0.659958 0.654586 0.640091 0.662528 0.644058 0.657979

CH3CH2CH2CH2COOCH2CH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.300240 0.300628 0.300203 0.297012 0.301849 0.298278
� 1 -0.674829 -0.683935 -0.671439 -0.658020 -0.693074 -0.664121
� 2 -0.624141 -0.630888 -0.620809 -0.610955 -0.651138 -0.641886
� 3 0.659750 0.654358 0.639681 0.661385 0.644005 0.658964

C-O
Alcohols

CH3OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.254374 0.254598 0.255050 0.253597 0.255282 0.253516
� 1 -0.495410 -0.508796 -0.498649 -0.484583 -0.508373 -0.482910
� 2 -0.486873 -0.498945 -0.489220 -0.474911 -0.500471 -0.477791
� 3 0.476802 0.482350 0.457881 0.424431 0.453284 0.418471

CH3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.251873 0.251939 0.252498 0.251279 0.252562 0.250941
� 1 -0.495753 -0.504673 -0.496772 -0.486795 -0.504731 -0.480701
� 2 -0.477419 -0.488494 -0.479298 -0.465370 -0.489404 -0.467692
� 3 0.476745 0.481671 0.457572 0.420567 0.451053 0.413448

CH3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.253953 0.254115 0.254602 0.253339 0.254680 0.252804
� 1 -0.494982 -0.506051 -0.496812 -0.485084 -0.505577 -0.480448
� 2 -0.486404 -0.496887 -0.487909 -0.475136 -0.498115 -0.474896
� 3 0.477170 0.481512 0.457565 0.422870 0.452291 0.417911

CH3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.252439 0.252581 0.253098 0.251816 0.253207 0.251406
� 1 -0.489827 -0.499301 -0.491014 -0.479327 -0.500244 -0.476392
� 2 -0.482123 -0.492538 -0.483697 -0.470600 -0.494203 -0.471753
� 3 0.476996 0.481388 0.457499 0.420563 0.450842 0.413375
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Table G.6: The sixth segment of the full bond CP data set referenced in Chapter 3.

CH3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.256864 0.257011 0.257488 0.256017 0.257615 0.255680
� 1 -0.499759 -0.509423 -0.500519 -0.487916 -0.510477 -0.486266
� 2 -0.495319 -0.505512 -0.496530 -0.483171 -0.507218 -0.483903
� 3 0.484538 0.487456 0.464080 0.433528 0.460008 0.429808

Ethers
CH3OCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.261587 0.262000 0.262188 0.260547 0.262669 0.260577

� 1 -0.518581 -0.531726 -0.520775 -0.506818 -0.531887 -0.505445
� 2 -0.498633 -0.511494 -0.500696 -0.486234 -0.513357 -0.489771
� 3 0.489604 0.493273 0.469250 0.440016 0.466508 0.437218

CH3CH2OCH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.258964 0.259362 0.259615 0.258299 0.259991 0.257976
� 1 -0.517191 -0.526570 -0.517657 -0.508086 -0.527181 -0.501445
� 2 -0.488657 -0.500998 -0.490534 -0.476548 -0.502180 -0.479083
� 3 0.488980 0.492323 0.468263 0.434612 0.463314 0.430287

CH3CH2CH2OCH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.259668 0.260210 0.260391 0.259059 0.260476 0.258406
� 1 -0.518182 -0.528140 -0.518836 -0.508876 -0.528176 -0.502736
� 2 -0.490990 -0.503881 -0.493053 -0.479138 -0.503485 -0.480649
� 3 0.487586 0.490591 0.466681 0.434565 0.464711 0.434271

CH3CH2CH2CH2OCH2CH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.258605 0.259170 0.259366 0.258010 0.259540 0.257448
� 1 -0.514258 -0.524096 -0.514976 -0.504529 -0.524869 -0.498885
� 2 -0.486684 -0.498979 -0.488423 -0.474223 -0.500795 -0.478069
� 3 0.486383 0.489422 0.465486 0.432094 0.462707 0.430470

Esters
CH3COOCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.241920 0.242240 0.242675 0.240733 0.241937 0.239899

� 1 -0.448560 -0.461968 -0.452217 -0.436850 -0.456281 -0.428730
� 2 -0.441380 -0.453861 -0.444315 -0.427280 -0.448877 -0.422847
� 3 0.463263 0.466904 0.445107 0.419186 0.442496 0.420034
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Table G.7: The seventh segment of the full bond CP data set referenced in Chapter 3.

CH3CH2COOCH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.237691 0.237868 0.238419 0.236557 0.237435 0.235467
� 1 -0.437223 -0.446798 -0.438733 -0.424324 -0.441680 -0.415721
� 2 -0.431147 -0.441930 -0.433732 -0.417462 -0.435968 -0.409978
� 3 0.458781 0.462108 0.440628 0.409967 0.435837 0.409275

CH3CH2CH2COOCH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.238672 0.238908 0.239418 0.237552 0.238344 0.236407
� 1 -0.438883 -0.449400 -0.440750 -0.425832 -0.444751 -0.418659
� 2 -0.433898 -0.444238 -0.436055 -0.420057 -0.439226 -0.414241
� 3 0.457757 0.460693 0.439313 0.410406 0.436855 0.411851

CH3CH2CH2CH2COOCH2CH2CH2CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.238031 0.238274 0.238788 0.236971 0.237545 0.235609
� 1 -0.436953 -0.447710 -0.439068 -0.424209 -0.441591 -0.415395
� 2 -0.429979 -0.440262 -0.432096 -0.416291 -0.433791 -0.408323
� 3 0.456460 0.459498 0.438140 0.408670 0.435684 0.410316

O-H
Acids

CH3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.343597 0.351479 0.351459 0.353081 0.351583 0.349916
� 1 -1.659471 -1.657667 -1.662546 -1.675768 -1.673937 -1.682424
� 2 -1.631653 -1.625377 -1.632158 -1.644423 -1.641542 -1.650621
� 3 1.327194 1.398533 1.382067 1.378654 1.370961 1.346433

CH3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.343516 0.351319 0.351445 0.352996 0.351574 0.349817
� 1 -1.659756 -1.653054 -1.662656 -1.675944 -1.673964 -1.682445
� 2 -1.631985 -1.621643 -1.632190 -1.644713 -1.641519 -1.650711
� 3 1.325559 1.401798 1.380180 1.376630 1.369045 1.345287

CH3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.343614 0.351385 0.351523 0.353067 0.351650 0.349930
� 1 -1.659881 -1.652906 -1.662612 -1.675708 -1.674021 -1.681443
� 2 -1.632116 -1.621428 -1.632103 -1.644454 -1.641247 -1.649385
� 3 1.324254 1.400819 1.379058 1.375443 1.367814 1.343350
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Table G.8: The eigth segment of the full bond CP data set referenced in Chapter 3.

CH3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.343629 0.351405 0.351541 0.353082 0.351502 0.349789
� 1 -1.659933 -1.652905 -1.662622 -1.675711 -1.672759 -1.680217
� 2 -1.632095 -1.621348 -1.632034 -1.644383 -1.640055 -1.648245
� 3 1.324219 1.400866 1.379058 1.375401 1.370518 1.345794

Alcohols
CH3OH

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.352266 0.359371 0.359616 0.361704 0.360051 0.358946

� 1 -1.667524 -1.659763 -1.670228 -1.686214 -1.678553 -1.687206
� 2 -1.617651 -1.606605 -1.617413 -1.632275 -1.625778 -1.636363
� 3 1.368278 1.443015 1.421151 1.415579 1.411610 1.384408

CH3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.351991 0.359283 0.359472 0.361525 0.359958 0.358744
� 1 -1.665113 -1.657786 -1.667940 -1.682771 -1.676271 -1.684376
� 2 -1.616869 -1.606006 -1.616530 -1.630292 -1.624843 -1.635145
� 3 1.360229 1.434410 1.412549 1.408071 1.402770 1.377115

CH3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.351154 0.358580 0.358728 0.360604 0.359265 0.357866
� 1 -1.656514 -1.648774 -1.659269 -1.671845 -1.667070 -1.673754
� 2 -1.608947 -1.597599 -1.608476 -1.619338 -1.616025 -1.624659
� 3 1.345859 1.422952 1.399866 1.392128 1.390582 1.363297

CH3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.351963 0.360664 0.360337 0.361536 0.361239 0.359127
� 1 -1.671938 -1.668803 -1.678073 -1.687758 -1.688281 -1.693899
� 2 -1.623581 -1.616865 -1.626536 -1.634274 -1.635755 -1.642744
� 3 1.349678 1.429554 1.404937 1.394768 1.394352 1.363073

CH3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.353261 0.362319 0.361874 0.362781 0.362814 0.360400
� 1 -1.681574 -1.679134 -1.688444 -1.696904 -1.698032 -1.703268
� 2 -1.632857 -1.626966 -1.636656 -1.643038 -1.645255 -1.651965
� 3 1.350095 1.431738 1.406299 1.397936 1.397984 1.367213
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Table G.9: The ninth segment of the full bond CP data set referenced in Chapter 3.

C=O
Acids

CF3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43453 0.43501 0.43335 0.42722 0.43721 0.43129
� 1 -1.15944 -1.17738 -1.15835 -1.14183 -1.20825 -1.18681
� 2 -1.02366 -1.02815 -1.01447 -0.96637 -1.04418 -1.01926
� 3 1.64282 1.63227 1.67792 1.84781 1.66686 1.82981

CF3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42909 0.42952 0.42795 0.42216 0.43153 0.42555
� 1 -1.15134 -1.16872 -1.15005 -1.13660 -1.19737 -1.17325
� 2 -1.01191 -1.01731 -1.00304 -0.95894 -1.03488 -1.01129
� 3 1.55487 1.54502 1.58665 1.75090 1.58062 1.74035

CF3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42541 0.42590 0.42436 0.41866 0.42807 0.42189
� 1 -1.13490 -1.15144 -1.13347 -1.12068 -1.18102 -1.15669
� 2 -1.00868 -1.01501 -1.00050 -0.95877 -1.03574 -1.01236
� 3 1.52407 1.51325 1.55340 1.71514 1.54630 1.70700

CF3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42423 0.42472 0.42319 0.41758 0.42689 0.42069
� 1 -1.13131 -1.14692 -1.12935 -1.11749 -1.17668 -1.15272
� 2 -1.00859 -1.01405 -0.99979 -0.95998 -1.03461 -1.01197
� 3 1.51830 1.50648 1.54660 1.70803 1.53922 1.70052

Esters
CF3COOCF3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.44353 0.44387 0.44218 0.43567 0.44602 0.43995

� 1 -1.19086 -1.20728 -1.18863 -1.17026 -1.24033 -1.22172
� 2 -1.04851 -1.05068 -1.03758 -0.98533 -1.06424 -1.03875
� 3 1.77192 1.76460 1.81347 1.99332 1.80298 1.97633

CF3CH2COOCH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43149 0.43188 0.43031 0.42440 0.43394 0.42792
� 1 -1.15321 -1.16867 -1.15082 -1.13539 -1.19952 -1.17681
� 2 -1.02238 -1.02555 -1.01185 -0.96775 -1.04360 -1.02153
� 3 1.60875 1.59892 1.64263 1.81150 1.63527 1.79879
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Table G.10: The tenth segment of the full bond CP data set referenced in Chapter 3.

CF3CH2CH2COOCH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42338 0.42338 0.42236 0.41677 0.42606 0.42004
� 1 -1.12174 -1.12174 -1.11950 -1.10653 -1.16783 -1.14409
� 2 -1.00255 -1.00255 -0.99309 -0.95421 -1.02933 -1.00794
� 3 1.52354 1.52354 1.55281 1.71619 1.54639 1.70516

CF3CH2CH2CH2COOCH2CH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42143 0.42197 0.42045 0.41488 0.42414 0.41793
� 1 -1.11331 -1.12711 -1.11044 -1.09788 -1.15823 -1.13365
� 2 -1.00139 -1.00467 -0.99103 -0.95476 -1.02722 -1.00658
� 3 1.50219 1.48826 1.52922 1.69431 1.52159 1.68243

CH3COOCF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.44454 0.44483 0.44314 0.43664 0.44690 0.44083
� 1 -1.19341 -1.20892 -1.19035 -1.17226 -1.24294 -1.22276
� 2 -1.05191 -1.05230 -1.03958 -0.98761 -1.06545 -1.04149
� 3 1.79035 1.78395 1.83371 2.01596 1.82160 1.99730

CF3COOCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43109 0.43161 0.42999 0.42405 0.43383 0.42797
� 1 -1.14056 -1.15747 -1.13916 -1.12345 -1.18850 -1.16704
� 2 -1.01106 -1.01488 -1.00146 -0.95563 -1.03234 -1.00942
� 3 1.61745 1.60634 1.65134 1.82091 1.64060 1.80108

CF3CF2COOCF2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43814 0.43847 0.43686 0.43078 0.44064 0.43442
� 1 -1.18845 -1.20451 -1.18623 -1.17148 -1.23747 -1.21747
� 2 -1.04642 -1.05077 -1.03653 -0.98957 -1.06795 -1.04346
� 3 1.68901 1.68118 1.72617 1.89672 1.71839 1.88964

Ketones
CF3COCF3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.43470 0.43450 0.42422 0.42608 0.43599 0.42976

� 1 -1.14631 -1.16210 -1.11779 -1.12878 -1.19381 -1.17532
� 2 -1.04438 -1.04595 -1.01134 -0.97612 -1.05176 -1.01928
� 3 1.82841 1.83256 1.73402 2.07281 1.88533 2.06155
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Table G.11: The eleventh segment of the full bond CP data set referenced in Chapter 3.

CF3CH2COCH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42493 0.42467 0.43318 0.41699 0.42345 0.42001
� 1 -1.11596 -1.12603 -1.14301 -1.09600 -1.11042 -1.13651
� 2 -1.01094 -1.01334 -1.03596 -0.95316 -0.99989 -0.99849
� 3 1.64591 1.64722 1.83285 1.86982 1.68567 1.86444

CF3CH2CH2COCH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41666 0.41645 0.42310 0.40916 0.41793 0.41154
� 1 -1.08531 -1.09690 -1.10694 -1.06920 -1.12400 -1.09853
� 2 -0.99925 -1.00390 -1.00278 -0.94607 -1.01890 -0.98949
� 3 1.57655 1.57754 1.70716 1.79233 1.62258 1.79241

CF3CH2CH2CH2COCH2CH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41391 0.41365 0.41440 0.40648 0.41502 0.40867
� 1 -1.07386 -1.08390 -1.07654 -1.05730 -1.11199 -1.08769
� 2 -0.99683 -0.99890 -0.98844 -0.94481 -1.01354 -0.98677
� 3 1.55710 1.55659 1.60602 1.77115 1.60456 1.77244

CF3COCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42569 0.42550 0.41803 0.41772 0.42706 0.42088
� 1 -1.12085 -1.13504 -1.09082 -1.10454 -1.16528 -1.14290
� 2 -1.02133 -1.02493 -0.99479 -0.96106 -1.03522 -1.00494
� 3 1.69223 1.69363 1.64523 1.91819 1.74295 1.91255

CO-O
Acids

CF3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.31190 0.31226 0.31177 0.30861 0.31415 0.31093
� 1 -0.72038 -0.73243 -0.71862 -0.70919 -0.74674 -0.72251
� 2 -0.66057 -0.66863 -0.65844 -0.64810 -0.69076 -0.68078
� 3 0.70369 0.69836 0.68814 0.72716 0.69045 0.71451

CF3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30459 0.30470 0.30444 0.30126 0.30618 0.30303
� 1 -0.69825 -0.70796 -0.69562 -0.68503 -0.71827 -0.69215
� 2 -0.64237 -0.64936 -0.63958 -0.62911 -0.66977 -0.66030
� 3 0.67085 0.66748 0.65302 0.68100 0.65756 0.67363
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Table G.12: The twelfth segment of the full bond CP data set referenced in Chapter 3.

CF3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30168 0.30178 0.30154 0.29856 0.30329 0.29996
� 1 -0.68416 -0.69408 -0.68160 -0.67176 -0.70412 -0.67640
� 2 -0.63879 -0.64665 -0.63664 -0.62765 -0.66837 -0.65850
� 3 0.65669 0.65394 0.63853 0.66299 0.64298 0.65840

CF3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30029 0.30039 0.30018 0.29721 0.30167 0.29838
� 1 -0.67779 -0.68766 -0.67534 -0.66491 -0.69646 -0.66845
� 2 -0.63554 -0.64315 -0.63329 -0.62419 -0.66366 -0.65398
� 3 0.65113 0.64841 0.63261 0.65553 0.63847 0.65276

Esters
CF3COOCF3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.28675 0.28739 0.28705 0.28402 0.28847 0.29599

� 1 -0.62225 -0.63334 -0.62058 -0.60691 -0.64160 -0.72452
� 2 -0.58743 -0.59464 -0.58545 -0.57570 -0.61238 -0.71203
� 3 0.62692 0.62381 0.60482 0.61097 0.60755 0.83481

CF3CH2COOCH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29468 0.29499 0.29467 0.29153 0.29601 0.29266
� 1 -0.66042 -0.66946 -0.65729 -0.64397 -0.67658 -0.64861
� 2 -0.60510 -0.61114 -0.60145 -0.59068 -0.62900 -0.61964
� 3 0.64138 0.63774 0.61913 0.62635 0.62279 0.62588

CF3CH2CH2COOCH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30124 0.30124 0.30117 0.29805 0.30309 0.29960
� 1 -0.68024 -0.68024 -0.67688 -0.66469 -0.70008 -0.67155
� 2 -0.62787 -0.62787 -0.62485 -0.61534 -0.65701 -0.64722
� 3 0.65846 0.65846 0.63863 0.66064 0.64183 0.65710

CF3CH2CH2CH2COOCH2CH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30199 0.30235 0.30190 0.29879 0.30359 0.29980
� 1 -0.68023 -0.68956 -0.67681 -0.66440 -0.69897 -0.66871
� 2 -0.62996 -0.63667 -0.62639 -0.61713 -0.65809 -0.64790
� 3 0.66314 0.65759 0.64349 0.66673 0.64843 0.66907
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Table G.13: The thirteenth segment of the full bond CP data set referenced in Chapter 3.

CH3COOCF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26454 0.26480 0.26490 0.26216 0.26520 0.26235
� 1 -0.55048 -0.55905 -0.54904 -0.53412 -0.55984 -0.54104
� 2 -0.53195 -0.53821 -0.53041 -0.52133 -0.55175 -0.53203
� 3 0.57171 0.57393 0.54965 0.52575 0.54490 0.51730

CF3COOCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29200 0.31837 0.31761 0.31432 0.32033 0.31683
� 1 -0.69705 -0.75326 -0.73891 -0.72895 -0.76861 -0.74347
� 2 -0.64193 -0.67500 -0.66406 -0.65339 -0.69828 -0.68881
� 3 0.83205 0.72788 0.72212 0.76877 0.72326 0.75623

CF3CF2COOCF2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.28413 0.28470 0.28440 0.28121 0.28534 0.28232
� 1 -0.61140 -0.62129 -0.60900 -0.59458 -0.62816 -0.60313
� 2 -0.57748 -0.58314 -0.57422 -0.56407 -0.59812 -0.59000
� 3 0.62577 0.62188 0.60353 0.61163 0.60818 0.60976

C-O
Alcohols

CF3OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.32334 0.32520 0.32417 0.32368 0.32764 0.32469
� 1 -0.78612 -0.80578 -0.79078 -0.79499 -0.82347 -0.80656
� 2 -0.73752 -0.75523 -0.74084 -0.74220 -0.77453 -0.76242
� 3 0.62977 0.63909 0.60389 0.56181 0.59950 0.54611

CF3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26745 0.26801 0.26816 0.26695 0.26915 0.26728
� 1 -0.53439 -0.54839 -0.53692 -0.52461 -0.55104 -0.52675
� 2 -0.52566 -0.53752 -0.52680 -0.51484 -0.54276 -0.52069
� 3 0.49710 0.50089 0.47585 0.44346 0.47256 0.43902

CF3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25937 0.25962 0.26001 0.25881 0.26052 0.25869
� 1 -0.51266 -0.52267 -0.51369 -0.50310 -0.52540 -0.50274
� 2 -0.50329 -0.51482 -0.50509 -0.49147 -0.51700 -0.49363
� 3 0.48731 0.49179 0.46704 0.42959 0.46126 0.42301
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Table G.14: The fourteenth segment of the full bond CP data set referenced in Chapter 3.

CF3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25756 0.25783 0.25824 0.25701 0.25863 0.25678
� 1 -0.50233 -0.51410 -0.50420 -0.49257 -0.51549 -0.49240
� 2 -0.50155 -0.51085 -0.50243 -0.49021 -0.51388 -0.49112
� 3 0.48486 0.48912 0.46468 0.42791 0.45878 0.42139

CF3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25041 0.25053 0.25109 0.24976 0.25109 0.24930
� 1 -0.49028 -0.49888 -0.49120 -0.47991 -0.49854 -0.47381
� 2 -0.47211 -0.48253 -0.47361 -0.45900 -0.48338 -0.46130
� 3 0.47357 0.47820 0.45441 0.41748 0.44761 0.41054

CF3CH(OH)CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26379 0.26418 0.26445 0.26351 0.26534 0.26357
� 1 -0.52966 -0.53866 -0.52984 -0.52180 -0.54296 -0.51829
� 2 -0.51402 -0.52461 -0.51460 -0.50365 -0.53001 -0.50864
� 3 0.49429 0.49768 0.47276 0.43525 0.46722 0.42946

C3F7CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26768 0.26831 0.26842 0.26737 0.26929 0.26752
� 1 -0.53437 -0.54884 -0.53710 -0.52501 -0.55112 -0.52638
� 2 -0.52385 -0.53597 -0.52511 -0.51362 -0.54030 -0.51883
� 3 0.49556 0.49933 0.47402 0.43958 0.47157 0.43598

(C3F7)2CHOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.27410 0.27504 0.27489 0.27420 0.27633 0.27474
� 1 -0.55039 -0.56420 -0.55211 -0.54036 -0.56971 -0.54613
� 2 -0.54143 -0.55073 -0.54050 -0.53422 -0.55806 -0.53910
� 3 0.50481 0.50749 0.48152 0.44265 0.47969 0.43855

Esters
CF3COOCF3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.29087 0.29278 0.29202 0.29130 0.29409 0.29120

� 1 -0.67303 -0.69055 -0.67762 -0.67927 -0.70267 -0.68595
� 2 -0.65257 -0.66877 -0.65632 -0.65607 -0.68031 -0.66511
� 3 0.60756 0.62220 0.58745 0.53744 0.57647 0.51031
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Table G.15: The �fteenth segment of the full bond CP data set referenced in Chapter 3.

CF3CH2COOCH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25069 0.25125 0.25148 0.24953 0.25130 0.24913
� 1 -0.47374 -0.48456 -0.47465 -0.46122 -0.48411 -0.45975
� 2 -0.46788 -0.48127 -0.47075 -0.45144 -0.47934 -0.45202
� 3 0.47754 0.47962 0.45755 0.43275 0.45651 0.43538

CF3CH2CH2COOCH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.24056 0.24056 0.24132 0.23957 0.24049 0.23854
� 1 -0.44715 -0.44715 -0.44829 -0.43523 -0.45284 -0.42810
� 2 -0.43764 -0.43764 -0.44091 -0.42414 -0.44548 -0.41866
� 3 0.45994 0.45994 0.44143 0.41163 0.43798 0.41191

CF3CH2CH2CH2COOCH2CH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23474 0.23488 0.23547 0.23353 0.23445 0.23249
� 1 -0.42634 -0.43425 -0.42719 -0.41254 -0.42947 -0.40392
� 2 -0.41929 -0.43061 -0.42208 -0.40434 -0.42532 -0.39755
� 3 0.45361 0.45671 0.43563 0.40504 0.43000 0.40324

CF3CF2COOCF2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.28082 0.28243 0.28189 0.28069 0.28320 0.28047
� 1 -0.64333 -0.65936 -0.64717 -0.64762 -0.67084 -0.65339
� 2 -0.58693 -0.60018 -0.58872 -0.58125 -0.60632 -0.58787
� 3 0.56527 0.57469 0.54370 0.49534 0.53447 0.47845

CF3COOCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23457 0.23479 0.23539 0.23306 0.23401 0.23182
� 1 -0.42071 -0.43377 -0.42472 -0.40687 -0.42505 -0.39627
� 2 -0.41564 -0.42783 -0.41899 -0.39989 -0.41997 -0.39275
� 3 0.45140 0.45458 0.43405 0.41232 0.43327 0.41674

CH3COOCF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30415 0.30622 0.30523 0.30479 0.30803 0.30525
� 1 -0.71587 -0.73406 -0.72018 -0.72336 -0.74892 -0.73294
� 2 -0.69112 -0.70824 -0.69476 -0.69565 -0.72236 -0.70790
� 3 0.61807 0.63144 0.59529 0.54555 0.58759 0.52333
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Table G.16: The sixteenth segment of the full bond CP data setreferenced in Chapter 3.

Ethers
CF3OCF3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.29514 0.29931 0.29623 0.29523 0.29853 0.29542

� 1 -0.68557 -0.71773 -0.68966 -0.69032 -0.71623 -0.69838
� 2 -0.65595 -0.70106 -0.65930 -0.65837 -0.68623 -0.67228
� 3 0.60406 0.71936 0.58214 0.53386 0.57294 0.51150

CF3CH2OCH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26578 0.26655 0.26657 0.26495 0.26728 0.26499
� 1 -0.53679 -0.54884 -0.53775 -0.52706 -0.55201 -0.52600
� 2 -0.50627 -0.51977 -0.50832 -0.49144 -0.52129 -0.49751
� 3 0.49517 0.49780 0.47365 0.44509 0.47134 0.44273

CF3CH2CH2OCH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26016 0.26071 0.26090 0.25953 0.26124 0.25915
� 1 -0.52332 -0.53328 -0.52406 -0.51424 -0.53451 -0.50925
� 2 -0.48987 -0.50250 -0.49178 -0.47663 -0.50385 -0.48074
� 3 0.48835 0.49179 0.46751 0.43305 0.46357 0.43017

CF3CH2CH2CH2OCH2CH2CH2CF3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26002 0.26063 0.26080 0.25937 0.26106 0.25889
� 1 -0.51915 -0.52928 -0.51995 -0.50939 -0.52997 -0.50420
� 2 -0.49039 -0.50255 -0.49193 -0.47709 -0.50450 -0.48162
� 3 0.48871 0.49151 0.46759 0.43512 0.46465 0.43386

CF3{OCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.32967 0.33188 0.33053 0.32991 0.33441 0.33120
� 1 -0.80727 -0.82564 -0.81059 -0.81435 -0.84408 -0.82664
� 2 -0.75042 -0.76917 -0.75399 -0.75525 -0.78915 -0.77656
� 3 0.64217 0.64973 0.61461 0.57190 0.60992 0.55657

CF3O|CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23585 0.23612 0.23664 0.23434 0.23560 0.23357
� 1 -0.42254 -0.43538 -0.42601 -0.40752 -0.42787 -0.39993
� 2 -0.41927 -0.43091 -0.42198 -0.40314 -0.42501 -0.39954
� 3 0.44822 0.45149 0.43073 0.40944 0.43032 0.41248
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Table G.17: The seventeenth segment of the full bond CP data set referenced in Chapter 3.

O-H
Acids

CF3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34079 0.34854 0.34872 0.35036 0.34861 0.34673
� 1 -1.65909 -1.65114 -1.66107 -1.67702 -1.67390 -1.68397
� 2 -1.63523 -1.62348 -1.63445 -1.64976 -1.64516 -1.65596
� 3 1.31236 1.38774 1.36732 1.36465 1.35501 1.33127

CF3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34233 0.35010 0.35026 0.35181 0.35028 0.34847
� 1 -1.66041 -1.65286 -1.66276 -1.67715 -1.67489 -1.68424
� 2 -1.63479 -1.62351 -1.63435 -1.64812 -1.64422 -1.65428
� 3 1.31925 1.39493 1.37380 1.37088 1.36215 1.33863

CF3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34324 0.35099 0.35114 0.35243 0.35119 0.34940
� 1 -1.66286 -1.65522 -1.66517 -1.67825 -1.67671 -1.68440
� 2 -1.63551 -1.62434 -1.63522 -1.64741 -1.64494 -1.65333
� 3 1.31714 1.39427 1.37234 1.36979 1.36163 1.33745

CF3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34329 0.35105 0.35120 0.35281 0.35121 0.34949
� 1 -1.66197 -1.65437 -1.66434 -1.67821 -1.67551 -1.68316
� 2 -1.63452 -1.62341 -1.63429 -1.64725 -1.64340 -1.65166
� 3 1.31736 1.39461 1.37265 1.36936 1.36296 1.33867

CF3OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34338 0.35116 0.35128 0.35293 0.35136 0.34975
� 1 -1.66614 -1.65791 -1.66762 -1.68472 -1.68050 -1.68929
� 2 -1.63152 -1.61905 -1.62979 -1.64579 -1.64146 -1.65256
� 3 1.31826 1.39409 1.37303 1.36782 1.36275 1.33662

CF3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34933 0.35693 0.35705 0.35869 0.35741 0.35585
� 1 -1.67046 -1.66238 -1.67269 -1.68658 -1.68263 -1.69177
� 2 -1.62456 -1.61275 -1.62347 -1.63584 -1.63315 -1.64440
� 3 1.34011 1.41726 1.39497 1.38838 1.38504 1.35822
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Table G.18: The eighteenth segment of the full bond CP data set referenced in Chapter 3.

CF3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.35027 0.35849 0.35841 0.35980 0.35874 0.35686
� 1 -1.67472 -1.66980 -1.67953 -1.69112 -1.68722 -1.69419
� 2 -1.62840 -1.61981 -1.62999 -1.63988 -1.63743 -1.64608
� 3 1.34165 1.42042 1.39726 1.38955 1.39073 1.36218

CF3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.35189 0.36071 0.36045 0.36164 0.36088 0.35861
� 1 -1.69016 -1.68785 -1.69718 -1.70824 -1.70590 -1.71264
� 2 -1.64233 -1.63643 -1.64622 -1.65517 -1.65392 -1.66211
� 3 1.34386 1.42352 1.39944 1.39057 1.39327 1.36160

CF3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.35175 0.35921 0.35935 0.36123 0.35971 0.35827
� 1 -1.66991 -1.66164 -1.67194 -1.68729 -1.68009 -1.68765
� 2 -1.62244 -1.61027 -1.62103 -1.63529 -1.62907 -1.63892
� 3 1.35715 1.43097 1.40913 1.40396 1.40067 1.37537

(C3F7)2CHOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34535 0.35379 0.35367 0.35472 0.35335 0.35112
� 1 -1.66553 -1.65715 -1.66746 -1.67991 -1.67439 -1.68407
� 2 -1.62297 -1.60984 -1.62093 -1.63155 -1.62674 -1.63920
� 3 1.30400 1.38511 1.36137 1.35039 1.35831 1.32886

C3F7CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34930 0.35708 0.35716 0.35875 0.35738 0.35563
� 1 -1.67461 -1.66650 -1.67685 -1.69109 -1.68614 -1.69512
� 2 -1.62912 -1.61715 -1.62796 -1.64043 -1.63642 -1.64736
� 3 1.33210 1.41052 1.38759 1.38042 1.37922 1.35278

CF3CH(OH)CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34927 0.35713 0.35717 0.35878 0.35738 0.35591
� 1 -1.66911 -1.66207 -1.67201 -1.68514 -1.68084 -1.69084
� 2 -1.62390 -1.61288 -1.62328 -1.63509 -1.63157 -1.64408
� 3 1.33314 1.41031 1.38761 1.38177 1.38013 1.35207
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Table G.19: The nineteenth segment of the full bond CP data set referenced in Chapter 3.

Acids
CCl3COOH

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.43423 0.43471 0.43308 0.42710 0.43696 0.43096

� 1 -1.15543 -1.17260 -1.15402 -1.13856 -1.20379 -1.18082
� 2 -1.02235 -1.02650 -1.01247 -0.96412 -1.04395 -1.02076
� 3 1.63125 1.61999 1.66506 1.83425 1.65467 1.82043

CCl3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43055 0.43098 0.42943 0.42357 0.43319 0.42698
� 1 -1.15185 -1.16716 -1.14943 -1.13506 -1.19763 -1.17520
� 2 -1.01906 -1.02332 -1.00925 -0.96610 -1.04232 -1.01947
� 3 1.57996 1.56893 1.61103 1.77775 1.60257 1.76846

CCl3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42709 0.42755 0.42599 0.42030 0.42963 0.42341
� 1 -1.14490 -1.16257 -1.14382 -1.13091 -1.19145 -1.16637
� 2 -1.01140 -1.01831 -1.00334 -0.96000 -1.03728 -1.01286
� 3 1.53951 1.52994 1.57069 1.73253 1.56495 1.72746

CCl3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42499 0.42547 0.42393 0.41830 0.42756 0.42137
� 1 -1.13676 -1.15388 -1.13549 -1.12262 -1.18219 -1.15760
� 2 -1.00742 -1.01389 -0.99923 -0.95717 -1.03393 -1.01100
� 3 1.51970 1.50913 1.54935 1.70992 1.54282 1.70426

Esters
CCl3COOCCl3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.44263 0.44298 0.44135 0.43512 0.44519 0.43887

� 1 -1.18553 -1.20079 -1.18291 -1.16600 -1.23419 -1.21348
� 2 -1.04571 -1.04599 -1.03285 -0.98186 -1.06178 -1.03891
� 3 1.76380 1.75521 1.80330 1.98070 1.79366 1.97245

CCl3CH2COOCH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42808 0.42849 0.42698 0.42131 0.43070 0.42469
� 1 -1.14279 -1.15873 -1.14086 -1.12712 -1.19180 -1.16799
� 2 -1.00757 -1.01099 -0.99727 -0.95457 -1.03044 -1.00892
� 3 1.56243 1.55254 1.59428 1.75983 1.58691 1.74803
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Table G.20: The twentieth segment of the full bond CP data setreferenced in Chapter 3.

CCl3CH2CH2COOCH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42525 0.42574 0.42420 0.41865 0.42792 0.42166
� 1 -1.12806 -1.14398 -1.12618 -1.11251 -1.17769 -1.14923
� 2 -1.00560 -1.01083 -0.99641 -0.95640 -1.03239 -1.00978
� 3 1.52829 1.51768 1.55898 1.72246 1.54904 1.71318

CCl3CH2CH2CH2COOCH2CH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42117 0.42169 0.42020 0.41473 0.42380 0.41765
� 1 -1.11430 -1.12960 -1.11231 -1.09917 -1.15996 -1.13510
� 2 -0.99531 -0.99973 -0.98591 -0.94757 -1.02140 -1.00065
� 3 1.49519 1.48324 1.52331 1.68476 1.51704 1.67594

CCl3COCCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43716 0.43692 0.43312 0.42886 0.43858 0.43221
� 1 -1.15616 -1.16996 -1.14394 -1.13989 -1.20143 -1.18026
� 2 -1.05967 -1.06020 -1.03328 -0.99226 -1.06907 -1.03921
� 3 1.84107 1.84418 1.87684 2.07818 1.89555 2.07693

CCl3CH2COCH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42484 0.42463 0.42345 0.41715 0.42633 0.41985
� 1 -1.11429 -1.12338 -1.11042 -1.09558 -1.15560 -1.13419
� 2 -1.01569 -1.01573 -0.99989 -0.95813 -1.03014 -1.00242
� 3 1.66492 1.66413 1.68567 1.88792 1.70992 1.88457

CCl3CH2CH2COCH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41628 0.41606 0.41531 0.40884 0.41759 0.41119
� 1 -1.08270 -1.09417 -1.08162 -1.06608 -1.12230 -1.09708
� 2 -0.99764 -1.00265 -0.98995 -0.94461 -1.01785 -0.98875
� 3 1.57007 1.57134 1.61381 1.78435 1.61767 1.78507

CCl3CH2CH2CH2COCH2CH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41196 0.41174 0.41256 0.40462 0.41296 0.40664
� 1 -1.06819 -1.07816 -1.06936 -1.05102 -1.10411 -1.07949
� 2 -0.98828 -0.99158 -0.98575 -0.93698 -1.00550 -0.97838
� 3 1.53842 1.53661 1.59247 1.74925 1.58458 1.75041
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Table G.21: The twenty-�rst segment of the full bond CP data set referenced in Chapter 3.

CO-O
Acids

CCl3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.31134 0.31176 0.31136 0.30867 0.31361 0.31036
� 1 -0.71941 -0.73127 -0.71850 -0.71186 -0.74467 -0.71898
� 2 -0.65808 -0.66585 -0.65570 -0.64710 -0.68809 -0.67896
� 3 0.68800 0.68283 0.67020 0.70060 0.67281 0.69180

CCl3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30131 0.30138 0.30120 0.29840 0.30293 0.29971
� 1 -0.68319 -0.69305 -0.68088 -0.67131 -0.70303 -0.67560
� 2 -0.63430 -0.64178 -0.63191 -0.62292 -0.66272 -0.65276
� 3 0.65233 0.64987 0.63309 0.65198 0.63660 0.64732

CCl3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29794 0.29799 0.29786 0.29481 0.29931 0.29604
� 1 -0.66924 -0.67839 -0.66666 -0.65508 -0.68668 -0.65898
� 2 -0.62650 -0.63375 -0.62414 -0.61413 -0.65378 -0.64394
� 3 0.64779 0.64565 0.62868 0.64777 0.63320 0.64443

CCl3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29797 0.29801 0.29786 0.29482 0.29936 0.29615
� 1 -0.66921 -0.67830 -0.66641 -0.65497 -0.68714 -0.65957
� 2 -0.62721 -0.63437 -0.62475 -0.61470 -0.65474 -0.64525
� 3 0.64800 0.64563 0.62914 0.64949 0.63345 0.64512

CCl3COOCCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.28798 0.28870 0.28827 0.28561 0.28992 0.28677
� 1 -0.62823 -0.63913 -0.62689 -0.61557 -0.64765 -0.62145
� 2 -0.58816 -0.59452 -0.58541 -0.57771 -0.61261 -0.60295
� 3 0.62859 0.62488 0.60594 0.60927 0.60725 0.60382

CCl3CH2COOCH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30068 0.30125 0.30074 0.29730 0.30222 0.29855
� 1 -0.67952 -0.68978 -0.67683 -0.66387 -0.69882 -0.67006
� 2 -0.62105 -0.62818 -0.61782 -0.60763 -0.64680 -0.63725
� 3 0.67552 0.66843 0.65605 0.68770 0.66314 0.68655
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Table G.22: The twenty-second segment of the full bond CP data set referenced in Chapter
3.

CCl3CH2CH2COOCH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29885 0.29924 0.29884 0.29561 0.30035 0.29662
� 1 -0.67007 -0.67903 -0.66676 -0.65276 -0.68900 -0.65658
� 2 -0.62017 -0.62694 -0.61700 -0.60665 -0.64640 -0.63674
� 3 0.65702 0.65203 0.63654 0.65566 0.64053 0.65794

CCl3CH2CH2CH2COOCH2CH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30137 0.30181 0.30136 0.29825 0.30299 0.29932
� 1 -0.67887 -0.68813 -0.67554 -0.66257 -0.69738 -0.66799
� 2 -0.62674 -0.63377 -0.62364 -0.61374 -0.65394 -0.64418
� 3 0.66212 0.65649 0.64208 0.66402 0.64693 0.66379

C-O
Alcohols

CCl3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.27096 0.27150 0.27167 0.27045 0.27262 0.27058
� 1 -0.54793 -0.56057 -0.54995 -0.54055 -0.56526 -0.54201
� 2 -0.53633 -0.54876 -0.53801 -0.52388 -0.55300 -0.52930
� 3 0.50505 0.50779 0.48342 0.45457 0.48087 0.45200

CCl3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25950 0.25950 0.25976 0.26017 0.25906 0.25869
� 1 -0.51243 -0.51243 -0.52259 -0.51380 -0.50394 -0.50179
� 2 -0.50428 -0.50428 -0.51568 -0.50608 -0.49298 -0.49339
� 3 0.48762 0.48762 0.49188 0.46731 0.42991 0.42373

CCl3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25706 0.25728 0.25774 0.25657 0.25807 0.25621
� 1 -0.50217 -0.51205 -0.50318 -0.49298 -0.51372 -0.49131
� 2 -0.49907 -0.50951 -0.50074 -0.48825 -0.51242 -0.48880
� 3 0.48457 0.48871 0.46446 0.42745 0.45806 0.42027

CCl3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25136 0.25147 0.25201 0.25077 0.25209 0.25034
� 1 -0.48490 -0.49620 -0.48697 -0.47406 -0.49648 -0.47317
� 2 -0.48060 -0.48888 -0.48118 -0.46967 -0.49018 -0.46746
� 3 0.47535 0.47967 0.45594 0.41900 0.44917 0.41179

Esters
CCl3COOCCl3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.28082 0.27778 0.27772 0.27675 0.27919 0.27683

� 1 -0.64333 -0.59818 -0.58985 -0.58447 -0.60777 -0.58642
� 2 -0.58693 -0.57972 -0.57144 -0.56409 -0.58988 -0.57131
� 3 0.56527 0.54745 0.51949 0.46900 0.51053 0.46007
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Table G.23: The twenty-third segment of the full bond CP dataset referenced in Chapter 3.

CCl3CH2COOCH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25121 0.25186 0.25214 0.25034 0.25167 0.24944
� 1 -0.49361 -0.50513 -0.49624 -0.48613 -0.50377 -0.47812
� 2 -0.46391 -0.47651 -0.46649 -0.44772 -0.47199 -0.44663
� 3 0.47972 0.48233 0.45985 0.43200 0.45790 0.43441

CCl3CH2CH2COOCH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.24068 0.24100 0.24146 0.23960 0.24051 0.23864
� 1 -0.44470 -0.45431 -0.44604 -0.43226 -0.44995 -0.42418
� 2 -0.43556 -0.44817 -0.43869 -0.42118 -0.44327 -0.41591
� 3 0.46047 0.46328 0.44189 0.41418 0.44031 0.41577

CCl3CH2CH2CH2COOCH2CH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23872 0.23894 0.23946 0.23766 0.23828 0.23634
� 1 -0.43790 -0.44734 -0.43916 -0.42491 -0.44103 -0.41470
� 2 -0.43261 -0.44429 -0.43549 -0.41881 -0.43807 -0.41156
� 3 0.45698 0.45986 0.43848 0.40860 0.43554 0.41030

CCl3OCCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.27723 0.27807 0.27794 0.27689 0.27977 0.27764
� 1 -0.58872 -0.59763 -0.58937 -0.58314 -0.60839 -0.58824
� 2 -0.56163 -0.56955 -0.56122 -0.55360 -0.58191 -0.56562
� 3 0.54211 0.54668 0.51900 0.46998 0.51103 0.46257

CCl3CH2OCH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26713 0.26805 0.26800 0.26637 0.26879 0.26626
� 1 -0.54684 -0.55913 -0.54866 -0.53922 -0.56204 -0.53520
� 2 -0.50850 -0.52205 -0.51044 -0.49322 -0.52376 -0.49933
� 3 0.50110 0.50299 0.47932 0.45288 0.47669 0.45179

CCl3CH2CH2OCH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26010 0.26069 0.26085 0.25949 0.26120 0.25919
� 1 -0.52163 -0.53189 -0.52252 -0.51289 -0.53318 -0.50790
� 2 -0.48913 -0.50166 -0.49087 -0.47574 -0.50301 -0.48028
� 3 0.48840 0.49161 0.46749 0.43388 0.46407 0.43133
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Table G.24: The twenty-fourth segment of the full bond CP data set referenced in Chapter
3.

CCl3CH2CH2CH2OCH2CH2CH2CCl3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25975 0.26039 0.26054 0.25914 0.26082 0.25889
� 1 -0.51798 -0.52810 -0.51881 -0.50845 -0.52902 -0.50420
� 2 -0.48914 -0.50133 -0.49076 -0.47635 -0.50362 -0.48162
� 3 0.48831 0.49090 0.46715 0.43534 0.46457 0.43386

Ethers
CCl3OCH3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.31369 0.31471 0.31423 0.31301 0.31750 0.31498

� 1 -0.71224 -0.72245 -0.71253 -0.70713 -0.73958 -0.71781
� 2 -0.65911 -0.67014 -0.65925 -0.65064 -0.69044 -0.67537
� 3 0.59411 0.59257 0.56671 0.53581 0.56245 0.52948

CCl3OCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23685 0.23707 0.23741 0.23490 0.23680 0.23502
� 1 -0.42370 -0.43629 -0.42608 -0.40682 -0.43016 -0.40365
� 2 -0.41741 -0.42874 -0.41906 -0.39905 -0.42400 -0.39985
� 3 0.45559 0.45772 0.43773 0.42152 0.43883 0.42348

O-H
Acids

CCl3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34170 0.34949 0.34961 0.35134 0.34960 0.34771
� 1 -1.66574 -1.65727 -1.66763 -1.68542 -1.67961 -1.69013
� 2 -1.63952 -1.62691 -1.63838 -1.65549 -1.64836 -1.65993
� 3 1.32251 1.39759 1.37701 1.37415 1.36529 1.34258

CCl3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34253 0.35031 0.35045 0.35220 0.35053 0.34883
� 1 -1.66146 -1.65383 -1.66386 -1.67910 -1.67549 -1.68363
� 2 -1.63454 -1.62336 -1.63432 -1.64868 -1.64398 -1.65281
� 3 1.32066 1.39703 1.37559 1.37148 1.36410 1.33941

CCl3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34296 0.35084 0.35094 0.35241 0.35101 0.34919
� 1 -1.66196 -1.65483 -1.66462 -1.67860 -1.67611 -1.68369
� 2 -1.63499 -1.62427 -1.63500 -1.64820 -1.64437 -1.65262
� 3 1.32243 1.39815 1.37684 1.37380 1.36580 1.34285
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Table G.25: The twenty-�fth segment of the full bond CP data set referenced in Chapter 3.

CCl3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34350 0.35127 0.35141 0.35292 0.35137 0.34963
� 1 -1.66095 -1.65356 -1.66344 -1.67693 -1.67361 -1.68127
� 2 -1.63380 -1.62271 -1.63355 -1.64634 -1.64161 -1.64999
� 3 1.32207 1.39874 1.37700 1.37372 1.36825 1.34360

Alcohols
CCl3CH2OH

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.34758 0.35568 0.35556 0.35681 0.35618 0.35438

� 1 -1.66370 -1.65717 -1.66748 -1.68049 -1.67685 -1.68494
� 2 -1.62050 -1.60998 -1.62097 -1.63239 -1.62944 -1.63931
� 3 1.33132 1.40993 1.38678 1.38003 1.37672 1.34845

CCl3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34984 0.34984 0.35840 0.35810 0.35931 0.35696
� 1 -1.67634 -1.67634 -1.67250 -1.68197 -1.69406 -1.69916
� 2 -1.62978 -1.62978 -1.62231 -1.63228 -1.64253 -1.65056
� 3 1.34608 1.34608 1.42515 1.40120 1.39377 1.36096

CCl3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34954 0.35861 0.35810 0.35921 0.35881 0.35653
� 1 -1.67310 -1.67156 -1.68048 -1.69240 -1.68906 -1.69606
� 2 -1.62570 -1.62062 -1.63007 -1.63968 -1.63750 -1.64560
� 3 1.34504 1.42511 1.40026 1.39076 1.39301 1.36015

CCl3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.35283 0.36111 0.36096 0.36224 0.36161 0.35974
� 1 -1.67505 -1.67020 -1.67992 -1.69020 -1.68786 -1.69388
� 2 -1.62535 -1.61702 -1.62709 -1.63526 -1.63427 -1.64191
� 3 1.35327 1.43234 1.40848 1.39996 1.40042 1.37020

C=O
Acids

CBr3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43338 0.43386 0.43224 0.42628 0.43611 0.43010
� 1 -1.15371 -1.17051 -1.15217 -1.13798 -1.20148 -1.17774
� 2 -1.02027 -1.02452 -1.01051 -0.96491 -1.04211 -1.01843
� 3 1.61595 1.60471 1.64948 1.82122 1.63869 1.80275
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Table G.26: The twenty-sixth segment of the full bond CP dataset referenced in Chapter 3.

CBr3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43018 0.43062 0.42907 0.42317 0.43282 0.42660
� 1 -1.15014 -1.16535 -1.14779 -1.13382 -1.19567 -1.17305
� 2 -1.01822 -1.02222 -1.00831 -0.96649 -1.04136 -1.01868
� 3 1.57858 1.56737 1.60961 1.77841 1.60103 1.76672

CBr3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42706 0.42752 0.42596 0.42026 0.42961 0.42337
� 1 -1.14464 -1.16229 -1.14352 -1.13075 -1.19128 -1.16615
� 2 -1.01136 -1.01826 -1.00329 -0.96031 -1.03736 -1.01295
� 3 1.53960 1.53002 1.57080 1.73319 1.56497 1.72766

CBr3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42510 0.42557 0.42403 0.41830 0.42767 0.42149
� 1 -1.13773 -1.15497 -1.13652 -1.12293 -1.18356 -1.15885
� 2 -1.00780 -1.01437 -0.99968 -0.95700 -1.03436 -1.01097
� 3 1.52361 1.51326 1.55360 1.71607 1.54725 1.70784

Esters
CBr3COOCBr3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.44168 0.44203 0.44042 0.43416 0.44424 0.43801

� 1 -1.18355 -1.19845 -1.18094 -1.16550 -1.23158 -1.21008
� 2 -1.04243 -1.04240 -1.02945 -0.98255 -1.05855 -1.03561
� 3 1.75130 1.74275 1.79070 1.97244 1.78047 1.95464

CBr3CH2COOCH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42777 0.42820 0.42668 0.42102 0.43032 0.42431
� 1 -1.14055 -1.15702 -1.13888 -1.12542 -1.18978 -1.16442
� 2 -1.00779 -1.01197 -0.99795 -0.95588 -1.03183 -1.00953
� 3 1.55593 1.54629 1.58809 1.75308 1.57998 1.73932

CBr3CH2CH2COOCH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.43049 0.43089 0.42931 0.42335 0.43276 0.42637
� 1 -1.16324 -1.18234 -1.16262 -1.14818 -1.21017 -1.18301
� 2 -1.01656 -1.02219 -1.00747 -0.96226 -1.03925 -1.01478
� 3 1.57671 1.56909 1.61082 1.77722 1.60603 1.77409
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Table G.27: The twenty-seventh segment of the full bond CP data set referenced in Chapter
3.

CBr3CH2CH2CH2COOCH2CH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42246 0.42299 0.42149 0.41602 0.42510 0.41896
� 1 -1.11849 -1.13381 -1.11649 -1.10274 -1.16521 -1.14072
� 2 -1.00160 -1.00540 -0.99202 -0.95412 -1.02721 -1.00705
� 3 1.51116 1.49914 1.54002 1.70252 1.53356 1.69353

Ketones
CBr3COCBr3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.43466 0.43451 0.43560 0.42661 0.43633 0.43015

� 1 -1.14605 -1.15843 -1.15387 -1.12804 -1.18867 -1.16672
� 2 -1.04820 -1.04830 -1.04730 -0.98754 -1.05905 -1.03010
� 3 1.78816 1.78937 1.88796 2.02429 1.83534 2.01099

CBr3CH2COCH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.42448 0.42427 0.42345 0.41671 0.42595 0.41946
� 1 -1.11228 -1.12115 -1.10878 -1.09348 -1.15250 -1.13077
� 2 -1.01583 -1.01534 -1.00292 -0.96049 -1.03038 -1.00400
� 3 1.66915 1.66804 1.70284 1.89617 1.71394 1.88818

CBr3CH2CH2COCH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41572 0.41549 0.41494 0.40825 0.41692 0.41057
� 1 -1.08079 -1.09156 -1.07890 -1.06249 -1.11788 -1.09352
� 2 -0.99817 -1.00227 -0.98845 -0.94546 -1.01723 -0.98913
� 3 1.57029 1.57043 1.60698 1.78295 1.61686 1.78401

CBr3CH2CH2CH2COCH2CH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.41220 0.41198 0.41066 0.40488 0.41311 0.40678
� 1 -1.06935 -1.07945 -1.06363 -1.05235 -1.10480 -1.08018
� 2 -0.98945 -0.99202 -0.97821 -0.93867 -1.00541 -0.97885
� 3 1.53970 1.53791 1.57223 1.75125 1.58728 1.75413

CO-O
Acids

CBr3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.31077 0.31116 0.31080 0.30787 0.31299 0.30978
� 1 -0.71850 -0.72996 -0.71746 -0.70883 -0.74302 -0.71716
� 2 -0.65641 -0.66389 -0.65390 -0.64572 -0.68605 -0.67695
� 3 0.68170 0.67669 0.66327 0.69465 0.66611 0.68297
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Table G.28: The twenty-eigth segment of the full bond CP dataset referenced in Chapter 3.

CBr3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30151 0.30160 0.30141 0.29857 0.30312 0.29986
� 1 -0.68346 -0.69334 -0.68114 -0.67129 -0.70318 -0.67551
� 2 -0.63499 -0.64245 -0.63257 -0.62384 -0.66342 -0.65337
� 3 0.65231 0.64967 0.63308 0.65317 0.63687 0.64857

CBr3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29792 0.29798 0.29784 0.29477 0.29930 0.29602
� 1 -0.66909 -0.67825 -0.66653 -0.65474 -0.68656 -0.65879
� 2 -0.62632 -0.63357 -0.62395 -0.61401 -0.65372 -0.64389
� 3 0.64745 0.64529 0.62831 0.64758 0.63283 0.64416

CBr3CH2CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29753 0.29758 0.29743 0.29444 0.29893 0.29567
� 1 -0.66711 -0.67622 -0.66432 -0.65288 -0.68485 -0.65705
� 2 -0.62604 -0.63324 -0.62360 -0.61402 -0.65358 -0.64390
� 3 0.64575 0.64344 0.62663 0.64565 0.63080 0.64215

Esters
CBr3COOCBr3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.28565 0.28635 0.28594 0.28351 0.28755 0.28452

� 1 -0.62159 -0.63193 -0.62006 -0.60830 -0.63995 -0.61376
� 2 -0.58100 -0.58681 -0.57800 -0.57055 -0.60432 -0.59457
� 3 0.62110 0.61780 0.59802 0.59637 0.59850 0.59066

CBr3CH2COOCH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.30319 0.30381 0.30324 0.24880 0.30471 0.30087
� 1 -0.68726 -0.69735 -0.68441 -0.48004 -0.70714 -0.67759
� 2 -0.63141 -0.63865 -0.62830 -0.44236 -0.65785 -0.64833
� 3 0.68816 0.68009 0.66963 0.43190 0.67788 0.70747

CBr3CH2CH2COOCH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29152 0.29193 0.29159 0.28850 0.29319 0.28984
� 1 -0.64576 -0.65518 -0.64308 -0.62922 -0.66376 -0.63703
� 2 -0.59726 -0.60414 -0.59444 -0.58299 -0.62268 -0.61188
� 3 0.63235 0.62855 0.61003 0.61502 0.61162 0.61303
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Table G.29: The trwenty-ninth segment of the full bond CP data set referenced in Chapter
3.

CBr3CH2CH2CH2COOCH2CH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.29826 0.29865 0.29823 0.29517 0.29955 0.29595
� 1 -0.66687 -0.67573 -0.66332 -0.65013 -0.68381 -0.65501
� 2 -0.61697 -0.62332 -0.61366 -0.60449 -0.64178 -0.63212
� 3 0.65356 0.64823 0.63279 0.65022 0.63876 0.65242

C-O
Alcohols

CBr3CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.27094 0.27145 0.27163 0.27016 0.27259 0.27060
� 1 -0.54857 -0.56068 -0.55036 -0.53948 -0.56587 -0.54316
� 2 -0.53586 -0.54815 -0.53744 -0.52243 -0.55223 -0.52848
� 3 0.50585 0.50831 0.48415 0.45680 0.48169 0.45344

CBr3CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25951 0.25978 0.26019 0.25898 0.26055 0.25870
� 1 -0.51192 -0.52203 -0.51328 -0.50275 -0.52379 -0.50127
� 2 -0.50431 -0.51574 -0.50613 -0.49280 -0.51717 -0.49350
� 3 0.48750 0.49171 0.46716 0.42971 0.46093 0.42313

CBr3CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25709 0.25730 0.25777 0.25654 0.25808 0.25623
� 1 -0.50197 -0.51173 -0.50284 -0.49248 -0.51313 -0.49136
� 2 -0.49936 -0.50975 -0.50111 -0.48816 -0.51236 -0.48831
� 3 0.48463 0.48870 0.46447 0.42740 0.45799 0.42032

CBr3CH2CH2CH2CH2OH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25146 0.25157 0.25210 0.25087 0.25219 0.25043
� 1 -0.48511 -0.49641 -0.48717 -0.47434 -0.49660 -0.47328
� 2 -0.48090 -0.48919 -0.48148 -0.47005 -0.49050 -0.46764
� 3 0.47548 0.47979 0.45605 0.41910 0.44929 0.41199

Esters
CBr3COOCBr3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.27682 0.27959 0.27973 0.27670 0.28103 0.27897

� 1 -0.58777 -0.59077 -0.58397 -0.56500 -0.60103 -0.58163
� 2 -0.57050 -0.57235 -0.56545 -0.54652 -0.58345 -0.56702
� 3 0.54141 0.53202 0.50756 0.47238 0.50268 0.47026
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Table G.30: The thirtith segment of the full bond CP data set referenced in Chapter 3.

CBr3CH2COOCH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25001 0.25060 0.25092 0.24880 0.25046 0.24823
� 1 -0.49039 -0.50130 -0.49282 -0.48004 -0.50019 -0.47462
� 2 -0.45959 -0.47168 -0.46193 -0.44236 -0.46929 -0.44177
� 3 0.47892 0.48131 0.45907 0.43190 0.45735 0.43377

CBr3CH2CH2COOCH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.24541 0.24575 0.24612 0.24456 0.24545 0.24339
� 1 -0.45944 -0.46798 -0.45975 -0.44692 -0.46557 -0.44127
� 2 -0.45257 -0.46471 -0.45492 -0.43871 -0.46145 -0.43472
� 3 0.46704 0.46967 0.44760 0.41677 0.44478 0.41793

CBr3CH2CH2CH2COOCH2CH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23885 0.23898 0.23955 0.23753 0.23856 0.23662
� 1 -0.43748 -0.44508 -0.43790 -0.42270 -0.44035 -0.41535
� 2 -0.43282 -0.44396 -0.43538 -0.41709 -0.43903 -0.41269
� 3 0.46092 0.46347 0.44229 0.41272 0.43801 0.41268

Ethers
CBr3OCBr3

LDA BLYP PBE M06-L B3LYP M06-2X
n 0.27710 0.27738 0.27748 0.27466 0.27904 0.27718

� 1 -0.57688 -0.58143 -0.57503 -0.55622 -0.59271 -0.57467
� 2 -0.55064 -0.55462 -0.54793 -0.52963 -0.56736 -0.55288
� 3 0.53206 0.53086 0.50738 0.47638 0.50306 0.47263

CBr3CH2OCH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.26634 0.26722 0.26719 0.26543 0.26796 0.26553
� 1 -0.65134 -0.55695 -0.54676 -0.53554 -0.55982 -0.53361
� 2 -0.62061 -0.51885 -0.50735 -0.49020 -0.52038 -0.49606
� 3 0.52550 0.50211 0.47847 0.45211 0.47562 0.45051

CBr3CH2CH2OCH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25955 0.26014 0.26030 0.25891 0.26071 0.25860
� 1 -0.51912 -0.52932 -0.51994 -0.50973 -0.53067 -0.50496
� 2 -0.48780 -0.50005 -0.48939 -0.47431 -0.50314 -0.47860
� 3 0.48744 0.49054 0.46651 0.43322 0.46312 0.43073
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Table G.31: The thirty-�rst segment of the full bond CP data set referenced in Chapter 3.

CBr3CH2CH2CH2OCH2CH2CH2CBr3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.25985 0.26048 0.26063 0.25918 0.26091 0.25874
� 1 -0.51769 -0.52769 -0.51842 -0.50767 -0.52851 -0.50272
� 2 -0.48913 -0.50125 -0.49073 -0.47619 -0.50312 -0.48003
� 3 0.48893 0.49131 0.46772 0.43651 0.46517 0.43576

CBr3-OCH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.31601 0.31646 0.31619 0.31272 0.31926 0.31690
� 1 -0.71260 -0.71832 -0.71024 -0.69341 -0.73669 -0.71705
� 2 -0.65851 -0.66566 -0.65630 -0.64021 -0.68737 -0.67454
� 3 0.61260 0.60597 0.58831 0.60618 0.58505 0.57779

CBr3O-CH3
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.23483 0.23501 0.23537 0.23352 0.23472 0.23301
� 1 -0.41681 -0.42916 -0.41911 -0.40313 -0.42287 -0.39664
� 2 -0.40910 -0.42024 -0.41068 -0.39353 -0.41509 -0.39091
� 3 0.45331 0.45539 0.43569 0.41829 0.43695 0.42184

O-H
Acids

CBr3COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34175 0.34956 0.34965 0.35143 0.34968 0.34779
� 1 -1.66560 -1.65706 -1.66742 -1.68444 -1.67928 -1.69003
� 2 -1.63867 -1.62597 -1.63744 -1.65374 -1.64730 -1.65913
� 3 1.32219 1.39764 1.37698 1.37396 1.36520 1.34246

CBr3CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34259 0.35037 0.35050 0.35235 0.35060 0.34891
� 1 -1.66200 -1.65433 -1.66438 -1.67934 -1.67597 -1.68413
� 2 -1.63500 -1.62379 -1.63475 -1.64881 -1.64437 -1.65323
� 3 1.32084 1.39721 1.37573 1.37164 1.36417 1.33935

CBr3CH2CH2COOH
LDA BLYP PBE M06-L B3LYP M06-2X

n 0.34304 0.35092 0.35102 0.35250 0.35110 0.34927
� 1 -1.66246 -1.65532 -1.66511 -1.67875 -1.67652 -1.68409
� 2 -1.63545 -1.62471 -1.63544 -1.64826 -1.64475 -1.65299
� 3 1.32207 1.39789 1.37654 1.37348 1.36546 1.34238
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