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Abstract

The motivation for this modelling work, in close collaboration with experimen-
talists, is to contribute to the understanding of xanthate adsorption on ZnS
surfaces in the flotation process. Adsorption of xanthates on Ge surfaces is
investigated, which also have been studied experimentally in the Agricola Re-
search Centre. Furthermore, results for dibutyldithiophosphates—which are
important in the flotation process—are reported. Modelling surface adsorp-
tion requires systems including hundreds of atoms. To model such systems
at an ab initio level successfully, fast and accurate methods must be used.
In the present work we use density functional theory (DFT) combined with
pseudopotentials, which is a powerful modelling approach for large chemical
systems. The results obtained in an initial study of ethyl and heptyl xanthates
and their sodium or potassium salts using all electron Hartree-Fock and DFT
calculations are used to validate the pseudopotential method used for mod-
elling adsorption of xanthates on surfaces. Both geometrical and vibrational
properties, as well as computer resources needed, are examined and compared.
Results obtained using DFT and pseudopotentials are in close agreement with
both experimental results and all electron potential calculations, while be-
ing obtained much faster. Hence, the pseudopotential approach is chosen to
study ethyl/heptyl xanthate adsorbed on Ge and ZnS surfaces. The surfaces
are modelled using periodically repeated supercells containing more than one
hundred atoms. The geometrical structure and vibrational frequencies are
calculated and the modes are described. The results are compared with at-
tenuated total reflection infrared observations. The influence of additional
atoms at the surface in the surrounding of the adsorbed xanthate are also
investigated.
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Chapter 1

Background

This study is a part of the activity at Agricola Research Centre financed by
the Swedish Foundation for Strategic Research and the Swedish minerals and
mining industry. The present theoretical work, in close collaborations with
experimentalists, mainly involves ab initio computer simulations of xanthates
and their adsorption on Ge and ZnS surfaces, and aims to improve under-
standing of the flotation process.

1.1 Flotation

Flotation is the process of separating precious from non-precious ore by ex-
ploiting their different surface properties. It is a process which been used since
the beginning of the twentieth century. The principle of flotation is simple.
First the ore is milled, then water is added to form a pulp. Fine bubbles of air
are pumped through the pulp while it is subjected to mechanical mixing. The
precious minerals then attach themselves to the bubbles and float to the sur-
face as a froth, which is removed to form a concentrate. A number of chemicals,
such as activators, depressants and collectors, are added to the pulp to increase
the efficiency of the flotation process. Collectors are surface active chemicals
containing a polar head group and one or more hydrocarbon chains. These
chemicals have the ability to attach themselves selectively to the precious ore
and increase the hydrophobicity of the particle; hence, it will float more easily.
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One of the most commonly used collectors are xanthates, discovered in 1815
by M. W. C. Zeise but first used in mineral flotation in 1905. Xanthates have
been the workhorse of sulphide mineral flotation since the early 1920s. They
represent the largest volume of any sulphide mineral collector, mainly due to
being easy and inexpensive to manufacture [1]. Schematically,

ROH + KOH � ROK + H2O,

ROK + CS2 � ROCS2K,

where R denotes an arbitrary hydrocarbon chain. The precipitated potassium
xanthate salt, ROCS2K, has good storage properties. The salt is then
dissolved in water (making ROCS−2 ) before it can be introduced as a collector
into the flotation process. Another important chemical used as a flotation
collector is dibutyldithiophosphate, [(OC4H9)2PS2]

−.

The present work is an investigation of both the collectors above and
their corresponding potassium salts. The interactions between xanthates and
surfaces such as Ge and ZnS are also studied. Next follows a brief review of
previous surface and adsorption modelling that is relevant to this work.

1.2 Review of Related Work

This review begins with previous experimental studies performed on xanthates
and their adsorption on sulphide surfaces, followed by the modelling work.
Next follows a survey of experimental and theoretical studies of adsorption
on germanium surfaces, which are also studied in this work. Finally, some
other work is considered that, while not being directly associated with the
main subject matter, is still of importance.

Xanthates and their adsorption on mineral surfaces are the subject for
many experimental studies. For example, infrared absorption techniques
have been used to study the interaction between xanthates and sulphide
surfaces [2, 3, 4, 5, 6]. Adsorption of ethyl and octyl xanthates on other
surfaces such as sulphidized copper, silver, gold and germanium has also been
studied with infrared techniques [7, 8, 9, 10].

There are relatively few ab initio investigations of xanthates and their metal
complexes. Geometrical and vibrational properties of ethyl- and sodium-ethyl
xanthate have been studied using Hartree-Fock methods [11]. In [12] the
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same methods were used to calculate structural and vibrational properties.
The study was limited to the head group of xanthates with the hydrocarbon
chain only represented by a single hydrogen atom. As will be shown below in
Chapter 4 this is an inadequate approximation when vibrational modes are
considered. A Hartree-Fock study of the interaction between anionic collectors
and metal ions such as Cu+,Cu2+, Zn2+ and Pb2+ has also been reported [13].

More recently, density functional theory (DFT) has been used to study
structures and reactivities of thiol collectors, and their interactions with a
Ag+ ion [14]. In this work it is suggested that the highest occupied molecular
orbital (HOMO) energy level can be used as a reactivity descriptor of the
flotation ability for the collector. In the present work, which is presented in
Chapter 4, both Hartree-Fock and MP2, as well as DFT, is used to calculate
both geometrical structures and vibrational frequencies of ethyl and heptyl
xanthate and their corresponding potassium and sodium salts [15].

DFT investigations of xanthate adsorption on the pyrite FeS2(110) and
(111) surfaces have been done using VASP1 and DMol2 [16]. The results
suggest that xanthate may undergo chemisorption at defect sites on real
FeS2 surfaces, that contain low-coordinated Fe sites, and sites in proximity
to cleaved S-S bonds. It was also found that a clean (100) surface repels
xanthate ions when they come close to it [17]. The interaction of sulfhydryl
surfactants with a covellite (001) surface has been studied theoretically using
Gaussian 033 [18]. The effects of copper atoms on the adsorption of ethyl
xanthate on a sphalerite surface has also been studied theoretically [19]. It
appears to be the only previous ab initio study of xanthate adsorption on
sphalerite. In it, Gaussian 03 and DFT are used. The surface is represented
by a ZnS cluster of 26 atoms, where all but three Zn atoms and their common
nearest neighbour are held fixed at their initial positions. This model is found
to be unrealistic for a deeper theoretical understanding of the adsorption of
xanthate. Some of the topics in [19] are also investigated here with more
sophisticated methods and models (see Chapter 5). Adsorption of Pb2+ on
ZnS has been studied [20] in an attempt to find out the major cause of the

1VAMP/VASP is a package for performing ab initio quantum-mechanical total energy
minimization and molecular dynamics (MD) using pseudopotentials and a plane wave basis
set.

2DMol is a density functional theory (DFT) program which can handle either molecular
clusters or periodic systems.

3Gaussian is an ab initio program for computational chemistry.
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inefficient mineral separation due to “poisoning” or unwanted “activation” of
the ZnS surface, which results in atypical flotation behaviour. In this inves-
tigation three main approaches were used: molecular mechanics calculations,
periodic quantum mechanical, and cluster calculations. They used both the
GULP4 and the MARVIN 5 program packages for the molecular mechanics
calculations. Periodic quantum mechanical calculations were performed using
the VASP code and pseudopotentials. The binding energy for most stable
adsorption structure of a water molecule to a ZnS(110) surface was found to
be 17.8 kcal mol−1. In this conformation the water molecule has its hydrogen
atoms pointing outwards from the surface at a distance to the sulphur atoms
of 2.73 Å. A structure with much lower binding energy (4.6 kcal mol−1) was
found when the hydrogen atoms are pointing towards the sulphur atoms.
They also concluded, “We find that Pb2+, PbOH+, Pb(OH)2, and Pb(H2O)2
not to bind to the surface via the formation of direct Pb-Zn or Pb-S surface
bonds. However, our calculations suggest that Pb2+ ions do bind to the ZnS
surface via the formation of Pb-O-Zn bonds.”

One of the systems studied in the present work is the interaction between
xanthates and germanium surfaces. This has been studied experimentally
in two earlier investigations [10, 21]. The present contribution [21] is a
joint experimental and theoretical study, which is presented in Chapter 5.
However, there are other important investigations into the adsorption of
various species on germanium surfaces. For example, water adsorption on
Ge(100) surfaces has been studied using first principles DFT calculations [22].
It was concluded that the dissociation of water molecules into H and OH
species is energetically favoured over the molecular adsorption. The same
conclusion was drawn in independent work [23], where dissociative adsorp-
tion of water on Ge(100)-(2 × 1) was investigated using DFT. The energy
barrier for dissociative adsorption was calculated to be 6.0 kcal mol−1 using
DFT and B3LYP/6-311++G(2df, 2p). Adsorption of other species such as
acetylene and cyclopentene on Ge(100) surfaces has also been studied using
DFT [24, 25]. Experimentally, acetylene adsorption on Ge(100) surfaces has
been investigated using scanning tunnelling microscopy (STM) [26]. The
results in these two works are somewhat inconclusive, which is discussed

4GULP is a program for performing a variety of types of simulation on 3D periodic solids,
gas phase clusters and isolated defects in a bulk material. In particular GULP is designed
to handle both molecular solids and ionic materials through the use of the shell model.

5 MARVIN is a program package used to model 2-dimensional surfaces and interfaces
through energy minimization at 0 K.
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in [24]. Another theoretical study of acetylene adsorption Ge(100) has been
performed by R. Miotto and A. C. Ferraz [27]. Together with G. P. Srivastava,
they also investigated the adsorption of PH3 on Ge(001) and Si(001) [28].
In both of these investigations supercells and pseudopotentials were used.
The atomic and electronic structures of acetic acid on Ge(100) surfaces were
calculated using VASP [29]. In this work models similar to ours were used
but with less surface area (4 × 2) and greater depth (six atomic layers). The
Ge bottom layer is passivated by two hydrogen atoms per Ge atom.

Naturally, there is a large body of other related work—some of which
is gathered here—that, although not specifically concentrating on adsorption
of xanthates, is of interest. Since the main computational method used here
is based on DFT, it is, therefore, natural to direct our attention onto this
method. In the remainder of this section an attempt is made to summarize
some of work published on the subject of surface modelling, concentrating on
systems studied with DFT. J. E. Bernard and A. Zunger in 1987 reported
their results for the electronic structure of ZnS, ZnSe and ZnTe [30]. This
ambitious work contains many useful references. The electronic properties
of ZnS was further investigated in 1991 using pseudopotential plane-wave
calculations [31]. Atomic structures of the (110) surface of ZnS, ZnSe and
ZnTe were also studied in 1993 using DFT and pseudopotentials [32]. It was
concluded that the surface cations move inwards while the surface anions
are displaced outwards. Similar movements also occur in our results. In
1996 several reviews were published about surfaces, especially semiconductor
surfaces. C. B. Duke provided an overview of semiconductor surface recon-
struction [33], G. P. Srivastava [34], and J. A. Kubby and J. J. Boland [35]
also published their reviews of semiconductor surfaces. One year later
D. J. Vaughan, U. Becker, and K. Wright gave an overview of sulphide
mineral surfaces [36]. In 1998 K. Wright et al. [37] used atomistic simulation
techniques to investigate surface energies and stabilities of sphalerite. They
noticed that even though the ZnS(110) surface has the lowest surface energy,
the ZnS(111) surfaces are dominant. Therefore, there must be a mechanism
which lowers the energy of the ZnS(111) surface with respect to the ZnS(110).
S. Hamad et al. also studied the crystal morphology of ZnS using the
MARVIN code in combination with DMol calculations [38].

The adsorption of water on calcium oxide and calcium fluoride was
investigated using VASP with ultra soft pseudopotentials [39]. Water adsorp-
tion was found to be energetically preferable on both surfaces. Using 2 × 2
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unit cells adsorption of CH2 and H adsorption on the Ni(111) surface were
studied [40]. Some unsolved problems in surface structure determinations
were discussed in an article by Woodruff [41]. Some of these problems
could be studied by the aid of computer modelling. In 2003 T. Jacob et
al. used an embedding method to simulate adsorption of single atoms on a
Cu(100) surface [42]. They concluded, “. . . we showed that a surface-cluster
which consists of about 50-60 atoms is sufficient to describe the adsorption
process. It seems that most of all electronic relaxation effects of the surface
introduced by the adsorbate are included in these clusters.” A number of
studies about catalytic surfaces have been performed using density functional
theory methods. In 2004 M. Calatayud, B. Mguig and C. Minot presented
an investigation of the hydrated V2O5 − TiO2 − anatase catalyst [43]. They
used both cluster and periodic models to investigate the stability of hydrated
species on the vanadia/titania catalyst. Early transition metal carbides and
nitrides have been given some attention. They are among the hardest and
most refractory materials known; however, they are also known for their
potential as catalysts. Using a supercell approach Kitchin et al. [44] studied
these surfaces, and in general found hydrogen to adsorb more strongly to
close packed metal terminated carbide surfaces than to the corresponding
pure metal {110}-surfaces, or carbon terminated surfaces. In the previous
two years many articles report results of calculations based on DFT, which
model adsorption and interaction with surfaces. There is a natural division
of methodology here: cluster or supercell. Cluster calculations seem to be the
commoner approach so far [45, 46, 47, 48, 49, 50]. The main reason is that
a non-periodic system can be treated with localized basis functions instead
of using a periodic description (e.g. plane wave expansion can be avoided).
L. F. Alzate et al. used this technique to model vibrational spectroscopic
signatures of TNT in clay minerals [51]. TNT is used as the main charge
in landmines, and after some time leaks out into the surrounding soil. This
results in interactions between the soil and the explosive that can be of
both chemical and physical type depending on the surrounding soil. In the
investigation they used both DFT as well as second order Møller-Plesset
perturbation theory (MP2). Crystal growth is another example where
modelling has been applied with good results [52]. Adsorption behaviour of
p-nitroanailine (PNA) on gold particles has been studied using a combination
of FT-IR and DFT calculations [53]. Titanium rich surfaces such as TiO2

have been given much attention due to their role as catalysts [54, 55, 56, 57].
I. Czekaj, G. Piazzesi, O. Kröcher, and A. Wokaun combined cluster calcu-
lations using DFT with experimental measurements, where high resolution
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powder X-ray diffractometry was performed using FeKα radiation. Clusters
as large as Ti15O50O40 were used in the computations.

Naturally, there are other formalisms than DFT. Many studies have
been performed using Hartree-Fock based methods. Studies which greatly
contributed to the understanding of surfaces, interfaces and adsorption
include [58, 59, 60, 61, 62, 63, 64]. Concerning argon adsorption at ZnO
surfaces, F. Marinelli et al. [65] concluded that “. . . the combination of
solid-state ab initio Hartree-Fock methods coupled with a perturbation
approach could be an effective route to determine the adsorbate-surface
intermolecular potential function.” They also concluded that different faces
behave differently with respect to adsorption. For example they found
that adsorption on the zinc face appears to be much less favourable than
that on other surface types. As mentioned previously, adsorption at TiO2

surfaces are often studied using DFT; however, they are also studied using
the classical, periodic Hartree-Fock method [66]. In most cases when using
the Hartree-Fock approach, the cluster model is applied.

1.3 Scope of the Thesis

Traditionally, computational chemistry has been dominated by Hartree-Fock
based methods such as self consistent field (SCF), second-order Møller-Plesset
(MP2), coupled cluster (CC) etc. Using these established methods systems
of up to 50 atoms can be studied. Unfortunately, this size is too small to
represent a surface adequately, without constraints, for studies of adsorption.
In the present work pseudopotentials used in combination with DFT, based
on localized basis sets, is demonstrated to be a highly suitable approach for
quantum chemical modelling of surfaces, and especially adsorption. This is
a methodology which been used successfully for many years to model defects
and dislocations in solid state physics. Investigating such systems requires
large models of up to thousand atoms or more. The calculations reported here
have been done in close collaboration with experimentalists. Optimized geo-
metrical structures and vibrational frequencies of collectors in both free and
bound states are calculated, together with other properties such as infrared
intensities and NMR shielding tensors. A significant part of this work is the
assignments of vibrational modes. The strength of computer simulations at
the present level, is not only to explain experimental results, but also to pre-
dict properties, and suggest useful experiments. The collectors studied in this
work are ethyl and heptyl xanthate, and their interaction with surfaces such as
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Ge(111) and ZnS(100/110/111). The potassium salt of both ethyl and heptyl
xanthate are also investigated. Another collector studied is the dibutyldithio-
phosphate anion, and its corresponding potassium and zinc salts. Next follows
a brief introduction to the theoretical background of the quantum mechanical
methods used here.
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Chapter 2

Theoretical Background

Throughout the centuries, humans have always tried to explain Nature using
laws of physics. The big revolution came with Newton and his laws of motions
(1687), which seemed to be able to predict motions of all bodies from small
particles to planets and stars. Over 200 years later Einstein presented his the-
ory of relativity which showed that for sufficient fast moving bodies Newton’s
law of motion does not apply. During the same period of time quantum me-
chanics was developed showing that on an atomic length scale other physical
laws must be used. Simply it can be said that quantum mechanics is the law
of physics for atoms and molecules.

2.1 The Many-Body Problem

Solving the interaction between a moving object in a known external field is
quite easy using Newton’s law of motion as long as the field is independent of
the position or the speed of the object. If two interacting objects are considered
the problem is still analytically solvable but not as easy as in the first case.
Considering three or more objects there exist no analytical solution. Finding
the general solution of the N -body problem was considered very important
and challenging. In fact King Oscar II established a prize in the late 1800s for
anyone who could find the solution to the problem.

Given a system of arbitrarily many mass points that attract each
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other according to Newton’s law, under the assumption that no two
points ever collide, try to find a representation of the coordinates
of each point as a series in a variable that is some known function
of time and for all of whose values the series converges uniformly.

Even though he did not solve the original problem Poincaré was finally awarded
the prize. The many-body problem is central in quantum mechanical calcula-
tions since the electrons interacts strongly both with each other but also with
the nuclei. By solving the Schrödinger equation both the energy and structure
of an atomic system can be calculated. In the absence of an external field the
time dependent Schrödinger equation can be written as

ĤΨ(r,R, t) = i
∂

∂t
Ψ(r,R, t). (2.1)

Ψ is the wavefunction, which describes a particle at a certain position1 (R, bfr)
at the time t. The operator Ĥ is called the Hamiltonian operator and it has
the following form2,

Ĥ = T̂e(r) + T̂n(R) + V̂ee(r) + V̂ne(r,R) + V̂nn(R). (2.2)

Or, written in its explicit form3

Ĥ = −1

2

∑
i

∇2
i −

1

2mα

∑
α

∇2
α −

∑
i>j

1

|ri − rj |

−
∑

i

∑
α

Zα

|Rα − ri| −
∑
α>β

ZαZβ

|Rα − Rβ| . (2.3)

Since Ĥ does not depend on t the wave function is separable:

Ψ(r,R, t) = ψ(r,R)f(t). (2.4)

When inserted in 2.1 it yields

Ĥψ(r,R) = Eψ(r,R), (2.5)

i
d

dt
f(t) = Ef(t), (2.6)

1
r, R is the position of the electron and the nucleus respectively. Latin indices are used

for electrons, and Greek for nuclei.
2Throughout this work atomic units are used, i.e. � = me = e = 4πε0 = 1.
3Zα is the atomic number and mα the mass and of nucleus α.
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where E is the separation constant. Now the time-dependent part can easily be
solved since it is an ordinary differential equation; hence, we have separated the
problem. The wave function Ψ(r,R, t) is obtained from 2.5 and 2.6; hence, 2.4
can be written as,

Ψ(r,R, t) = ψ(r,R)e−iEt. (2.7)

The solution ψ(r,R) of 2.5 is called stationary, since the expectation values
of the wave function,

|Ψ(r,R, t)|2 = Ψ∗(r,R, t)Ψ(r,R, t)

= eiEtψ∗(r,R)e−iEtψ(r,R)

= ψ∗(r,R)ψ(r,R), (2.8)

and the Hamiltonian operator

〈Ψ|Ĥ|Ψ〉 =

∫
Ψ∗(r,R)ĤΨ(r,R)

=

∫
eiEtψ∗(r,R)Ĥe−iEtψ(r,R)

=

∫
ψ∗(r,R)Ĥψ(r,R), (2.9)

are time independent, as shown above. Even though the solutions to 2.5 are
stationary, the particles are not, due to equation 2.6.

2.1.1 Born-Oppenheimer Approximation

The momentum of electrons and nucleus are of the same order but there is a
large difference (∼ 104) in masses between a nucleus and its electrons. This
implies that there must be a large difference in speed between them. Therefore,
it is logical to assume that for each new configuration of the nuclei in a atomic
system the fast moving electrons will immediately orient themselves into the
lowest energy configuration. That is, we can approximate the electrons as
being dependent on the positions of the nuclei solely, and regard the nuclei
as fixed with respect to the electrons. To be able to use this fact we want
to separate the Hamiltonian operator 2.2 into one electron and one nuclear
dependent parts, that is

Ĥ = Ĥe(r) + Ĥn(R). (2.10)

If we now assume that the time independent wave function can be separated
as

ψ(r,R) = ψe(r)ψn(R), (2.11)
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where ψe(r) and ψn(R) is the eigenfunction of Ĥe and Ĥn with eigenvalues
Ee and En respectively. Then we have

Ĥψ(r,R) = (Ĥe + Ĥn)ψe(r)ψn(R)

= Ĥeψe(r)ψn(R) + Ĥnψe(r)ψn(R)

= Eeψe(r)ψn(R) + Enψe(r)ψn(R)

= (Ee + En)ψe(r)ψn(R)

= Eψ(r,R). (2.12)

Hence, the eigenfunctions of Ĥ are the product of the eigenfunctions of Ĥe

and Ĥn, and their eigenvalues are the corresponding sum. If we now examine
the Hamiltonian operator 2.2, notice that

V̂ne(r,R) = −
∑

i

∑
α

Zα

|Rα − ri| (2.13)

is the only operator that prevents us from performing a satisfactory sepa-
ration, as suggested in 2.11. Despite this fact we can regard 2.13 as being
dependent on R parametrically, as reasoned in the beginning of this section.
The separation of the wave function suggested in 2.11 would then be written
as

ψ(r,R) = ψe(r;R)ψn(R). (2.14)

Since R is treated as a parameter, a new Hamiltonian operator can be con-
structed where V̂nn(R) and T̂n(R) are neglected. They can be regarded as
constants, and this causes only a constant shift of the eigenvalues. This re-
sults in the so called electronic Hamiltonian for a fixed nuclear configuration,

Ĥe = T̂e(r) + V̂ee(r) + V̂ne(r;R), (2.15)

which then gives the corresponding electronic Schrödinger equation

Ĥeψe(r;R) = Eeψe(r;R). (2.16)

Before we continue, it is necessary to investigate how T̂n acts on
ψe(r;R)ψn(R). Writing out the kinetic energy equations of the nucleus using
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the product rule yields

T̂nψe(r;R)ψn(R) = −
∑
α

�
2

2mα
ψe(r;R)∇2

αψn(R)

−
∑
α

�
2

2mα
ψn(R)∇2

αψe(r;R)

−
∑
α

�
2

2mα
∇αψe(r;R)∇αψn(R). (2.17)

The contributions from the last two terms in 2.174 typically is of the form
(1/2mα)∇2

αψe(r;R) [67]. ∇iψe(r;R) and ∇αψe(r;R) are of the same order,
due to the fact that they operate over approximately the same dimension.
The former is ψe(r;R)pe, where pe is the momentum of an electron. Thus, we
have (1/2mα)∇2

αψe(r;R) ≈ (p2
e/2mα) = (me/mα)Ee; hence, due to the large

differences in the coefficients (me/mα ≈ 10−4), the two last terms of 2.17
∇2

αψ(r;R) and ∇αψ(r;R) can be dropped from the kinetic energy of the
nucleus. Hence, the following approximation is obtained.

T̂nψe(r;R)ψn(R) ≈ ψe(r;R)T̂nψn(R). (2.18)

The kinetic energy of the electrons is easily verified as being

T̂eψe(r;R)ψn(R) = ψn(R)T̂eψe(r;R) = − �
2

2me

∑
i

ψn(R)∇2
i ψe(r;R). (2.19)

If we now consider the full Hamiltonian operator 2.2 applied on 2.14, then

Ĥψe(r;R)ψn(R) =
(
Ĥe + V̂nn + T̂n

)
ψe(r;R)ψn(R), (2.20)

and after rewriting the right hand side,

Ĥψe(r;R)ψn(R) =
(
Ĥe + V̂nn

)
ψe(r;R)ψn(R) + T̂nψe(r;R)ψn(R). (2.21)

Now, inserting the right hand sides of the time independent Schrödinger equa-
tions 2.1 and 2.16, and using the approximation suggested in 2.18,

ψe(r;R)T̂nψn(R) + (Ee + V̂nn)ψe(r;R)ψn(R) = Eψe(r;R)ψn(R). (2.22)

4Here written without using atomic units to emphasize the difference in masses.
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Division by ψe(r;R) results in(
T̂n + V̂nn + Ee

)
ψn(R) = Eψn(R). (2.23)

For simplicity, define

Ĥn = T̂n + V̂nn + Ee. (2.24)

Hence, we have derived an expression that describes how the nucleus moves
in the potential generated by the electrons. As stated in the beginning of this
section, the large difference in masses ∼ 104 enables the nucleus to be held
fixed, and subsequently separate the wave function and the Hamilton operator.
The electronic Schrödinger equation,

Ĥeψe(r;R) = Eeψe(r;R), (2.25)

is first solved for a given set of nuclear coordinates. Inserting this result (Ee)
into equation 2.24 it is possible to solve

Ĥnψn(R) = Eψn(R), (2.26)

and obtain the total wave function describing the system. By applying the
Born-Oppenheimer approximation one looses the electron-phonon interaction.

2.1.2 The Variational Principle

The wave function Ψ may be expressed as a linear combination of its eigen-
vectors Ψ =

∑n
i ciψi with the property 〈Ψ|Ψ〉 = 1. Now consider

〈Ψ|Ĥ|Ψ〉 =

n∑
i

n∑
j

c∗i 〈ψi|Ĥ|ψj〉cj

=

n∑
i

n∑
j

c∗i cjEj〈ψi|ψj〉

=
n∑
i

|ci|2Ei

≥ E0

n∑
i

|ci|2. (2.27)

Hence, 〈Ψ|Ĥ|Ψ〉 is always greater or equal to the ground state energy multi-
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plied by a positive constant. This constant can be determined easily since the
eigenfunctions are orthonormal:

1 = 〈Ψ|Ψ〉 = 〈
n∑
i

c∗i ψi|
n∑
j

c∗jψj〉 =

n∑
i

n∑
j

c∗i cjEj〈ψi|ψj〉 =

n∑
i

|ci|2. (2.28)

Hence,
∑n

i |ci|2 = 1 and we can conclude that

E0 ≤ 〈Ψ|Ĥ|Ψ〉. (2.29)

This guarantees that any arbitrarily chosen wave function Ψ will always yield
an energy larger than the ground state energy, E0. A test wave function can
be used to find an upper bound for the ground state energy. With this fact one
can minimize 〈Ψ|Ĥ|Ψ〉 with respect to the desired parameters, e.g. position
of atoms.

2.1.3 Identical Particles

Symmetries are a consequence of quantum mechanics. Consider a system of
two identical particles, represented by a wave function Ψ(r1, r2). Hence, the
operator P̂ , that exchanges two particles,

P̂Ψ(r1, r2) = Ψ(r2, r1). (2.30)

These particles are identical and the system must therefore be unchanged
under this operation; hence,

Ψ(r2, r1) = cΨ(r1, r2). (2.31)

Using 2.30 equation 2.31 can be written as

P̂Ψ(r1, r2) = cΨ(r1, r2), (2.32)

and Ψ(r1, r2) must be an eigenfunction or eigenstate of the particle exchange
operator. Clearly (P̂ )2 must be an identity operator which yields the equation
P̂ (P̂Ψ(r1, r2)) = c2Ψ(r1, r2) = Ψ(r1, r2), and we have c = ±1. A wave func-
tion with spin included must be either symmetric or antisymmetric under the
exchange of two of its particles. This is the Pauli Exclusion Principle.
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2.1.4 Spin 1/2

Identical particles with half integer spin 1
2 , 3

2 , etc. are described by antisym-
metric wave functions, i.e. the total wave function changes sign if two such
particles exchange coordinates and spin with each other. Examples are elec-
trons and protons. Such particles are called Fermions. However, identical
particles with integer spin 0, 1, 2, etc. are called Bosons. Bosons are de-
scribed by symmetric wave functions, i.e. the sign of the total wave function
is unchanged under exchange of coordinates and spin of two such particles.
Examples are photons and α-particles. Of all spins the spin 1

2 is the most im-
portant since it the spin of electrons and protons. Spin 1

2 has two spin states
which are normally called spin up and spin down, respectively. They are often
referred to as ↑ for up and ↓ for down.

2.1.5 Pauli Exclusion Principle

A direct consequence of the Pauli exclusion principle is the restriction of how
many electrons that can occupy the same state. A simple derivation of the
Pauli exclusion principle is as follows. Assume that two electron with spatial
wave function ψ1(r1) and ψ2(r2) have the same spin. The z-direction can al-
ways be chosen such that their joint spin state is ↑↑. Then, the Pauli exclusion
principle states that the overall wave function must be antisymmetric when
these two particles are interchanged, i.e.

Ψ(r1, r2) = ψ1(r1)ψ2(r2) − ψ1(r2)ψ1(r1). (2.33)

However, if ψ1 and ψ2 are the same wave function, then Ψ(r1, r2) = 0 for all
possible choices of r1 and r2. Therefore, such a state does not exist. If the two
electrons have different spin, then their spin state would never be ↑↑, and the
argument fails. It follows that if two electrons occupy the same spatial orbital,
then they must be paired i.e. have opposite spins (↑↓). Hence, every orbital
is at most doubly occupied. The Pauli exclusion principle is an important
law of Nature: ultimately, it is responsible for the stability of matter. In an
atom, the Pauli exclusion principle prevents all of its electrons from falling
into the lowest energy level. It states that the symmetry or antisymmetry
under interchange of two particles is characteristic for the particles.

2.1.6 Orbitals

Solving the Schrödinger equations in spherical coordinates for a hydrogen atom
results in a wave function ψnlm(r, θ, φ) dependent on three quantum numbers
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(n, l, m) where n is called the called the shell, l the angular momentum, and m
the magnetic quantum number. The different types of spatial wave functions
are labelled by their one electron orbital name, s (for “sharp” l = 0), p (for
“principal” l = 1), d (for “diffuse” l = 2) and f (for “fundamental” l = 3)
after that the alphabet continuous and there are no more special names. For
carbon the ground state configuration would be written as

(1s)2(2s)2(2p)2. (2.34)

This expression means that there are two electrons (the superscript) in the
(1, 0, 0) orbital; two electrons in the orbital (2, 0, 0), and finally two electrons
in some combinations of (2, 1,−1), (2, 1, 0) or (2, 1, 1) orbitals. The order of
which these orbitals describe the ground state is not straightforward due to the
increased screening effect of nucleus by the innermost electrons. Essentially,
the outer electrons do not directly “see” the bare nucleus: there is instead
an effective charge. Therefore, the next orbital with lowest energy may be in
the next shell n, and not with higher angular momentum l, since the energy
increases with l also. The screening effect is, as will be shown later, a crucial
fact when large modelling problems are considered.

2.1.7 Exchange Force

If there is an overlap in the wave functions between two identical particles,
then when they are bosons there is an attractive force between them, while
fermions repel one another. This is not a real force: it is a geometrical phe-
nomenon caused by the symmetry requirement. Nevertheless, it has observable
consequences, and is called the exchange force. Take a hydrogen molecule, for
example. If electrons were bosons, then they would attract via the exchange
force, and be positioned between the nuclei, i.e. contribute directly to bond-
ing of the molecule. However, electrons are fermions; therefore, their exchange
force is repulsive. On its own, this would make the molecule disintegrate; yet,
plainly, hydrogen molecules exist as bound entities. This dilemma is solved by
the inclusion of spin. The complete state of the electrons including spin must
be antisymmetric with respect to exchange, and not only the spatial wave
functions. Hence, the hydrogen is bound by two electrons with symmetric
wave functions, but with different spins; i.e. the net spin is zero.

2.1.8 Basis Sets

Molecular orbitals are often described by a set of functions. A collection of
functions representing the system is called a basis set. The choice of functions
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to construct a basis set is almost arbitrary since a bad choice will automati-
cally be cancelled out by the variation principle in the final molecular orbital.
However, it is better to choose functions that make a significant contribution,
while excluding ones that do not, since computation time increases with the
number of functions used. Most basis sets are based on the following three
functions:

• Plane waves: eikr

• Slater orbitals: e−cr

• Gaussian orbitals: e−cr2

The first of these three functions originates from solid state physics for periodic
systems (crystals). It is essentially a Fourier expansion. Slater type orbitals
are derived from the wave functions of the hydrogen atom,

Ψnlm(r, θ, φ) =

√(
2

na

)3 (n − l − 1)!

2n(n + l)!)3
e−r/na

(
2r

na

)
Ll2+1

n−l−1

(
2r

na

)
︸ ︷︷ ︸

Rln

Y m
l (θ, ψ), (2.35)

where

Y m
l (θ, φ) = ε

√
(2l + 1)(l − |m|)!

4π(l + |m|)! eimφPm
l (cos(θ)), (2.36)

which are called spherical harmonics and Pm
l (cos(θ)) are associated Legendre

functions. The numbers n ,l and m are quantum numbers (see 2.1.6) defined
as l = 0, 1, 2, . . . , n − 1 and m = −l,−l + 1, . . . ,−1, 0, 1, . . . , l − 1, l ε = −1 if
m ≥ 0 and ε = 1 if m < 0. For simplicity we also define a = (4πε0�

2)/(me2).
The radial part of 2.35 Rnl(r) consists of an associated Laguerre polynomial
in r multiplied by e−r/na. Slater proposed the use of the spherical harmonics
and the exponential term as basis functions. The drawback with the pro-
posed Slater Type Orbitals (STO) is that it is difficult (i.e. time consuming)
to calculate their integrals. Another formula, suggested by Frank Boys, is
Gaussian Type Orbitals (GTO). The integrals of Gaussian type functions are
much simpler: they can be written analytically. Unfortunately, GTOs describe
the electron density less well than STOs due to their soft character near zero.
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Nevertheless, because they involve much less computational cost, we can af-
ford to use more of them to compensate for their deficiencies. Hence, the basis
set is defined as a sum of Gaussian functions

c1e
−b1r2

+ c2e
−b2r2

+ c3e
−b3r2

. . . (2.37)

where the values of b and c are usually held fixed during the calculations.
There are several ways to determine the value of these constants, such as
performing a least squares fit to the corresponding STO. See [68] for further
information. In a real modelling situation the right choice of basis sets are
as crucial for the results of the calculations as the method chosen. A basis
set that is too small may result in an incorrect structure and so will a poor
choice of method. Even though small basis sets can be an efficient strategy
to get an approximate picture of the final results, they are unsuitable for use
in high-quality work. Worse, if properties such as vibrational frequencies or
NMR-data are to be calculated, then the results must be of high accuracy.
Regardless of the size, a basis set is constructed from a set of functions. These
functions are preferably of the Slater type; however, since these cannot be
integrated analytically, Gaussian functions are preferable. In the following
pages some concepts concerning the basis sets are explained, including what
types there are, and their construction.

Minimal Basis Sets

Minimal basis sets are constructed using a minimal number of basis functions,
with essentially one basis function for each atomic orbital in the free atom.
Hence, for hydrogen, the basis set includes only a 1s orbital. One of the most
commonly used minimal basis set are the STO-nG type, where n represents
how many GTOs are used to represent the corresponding STO. For example,
the STO-3G basis set for carbon consist of one 1s orbital, one 2s orbital and
three 2p orbitals, each constructed from three GTOs, making a total of fifteen
primitive Gaussian functions. One feature of STO-nG basis sets is that one,
fixed exponent factor is used for all s and p orbitals, which simplifies the
calculations.

Scaling Basis Sets

One way to introduce more flexibility to basis sets is to use two functions
to describe each molecular orbital, one with a larger and one with a smaller
exponent. Their amplitudes are then adjusted to form an orbital that is of the
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right size. This method is an efficient way to provide variational freedom, due
to it being much simpler to adjust linear coefficients than an exponent. The
resulting orbital describes the molecular environment well, since it is obtained
from the energy minimization. Scaling of only the valence orbitals in this way
is called split valence basis set. Scaling all the orbitals results in a so called
double zeta basis set. The name simply refers to the fact that the exponent
in a STO basis is denoted by the Greek letter ζ.

Polarization Basis Sets

As with scaling basis sets—where orbitals of the same type but different sizes
are added—basis functions with a higher angular momentum can be added.
These additional functions are called polarization functions. Hence, adding
d-orbitals to a basis set that uses only s- and p-orbitals polarizes it. The
advantage of adding these functions with higher angular momentum to a split
valence band basis set is improved accuracy, especially for calculations of bond
angles.

Diffuse Basis Sets

When calculating excited states, or other cases where the electron density is
more spread out, regular basis sets are inadequate. Therefore, a class of basis
sets which are more spread out or diffuse, is available. These basis sets contain
basis functions with small exponents.

Contracted Basis Sets

The innermost core electrons account for a large part of the total energy,
and minimizing it leads to a good representation of the core electrons and
poorer for the valence electrons. Hence, here we have an unwanted situation:
the chemically inactive core electrons are well represented, while the valence
electrons are not. This implies that much of the computational effort is wasted
on computation of the chemically inactive part of the wave function, which is
almost constant. Consider now that we fix the constant before the innermost
basis functions, i.e. they are no longer participating in the optimization; hence,
a much smaller number of basis functions are optimized, thereby reducing the
computational cost. Using contracted basis sets will always increase the energy
of the system since they possess less variational freedom.
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2.2 Hartree-Fock Based Methods

The main purpose of applied quantum mechanics is to solve the non-relativistic
time-independent Schrödinger equation, and in particular, calculate the elec-
tronic structure of molecules. Hartree-Fock theory is one way to achieve this,
as follows. First, define spin orbitals χ as the joint spin-space state

χ1(1) = ψ(r1)α(1), (2.38)

and

χ2(1) = ψ(r1)β(1), (2.39)

where α and β represent the spin state up and down, respectively. χ(1) is the
state of electron with spatial position r1. For a s-orbital electron with spin up
we then have

χ1(1) = ψs1(r1)α(1). (2.40)

Consider next the Helium atom with its two electron configuration. We have
two wave functions ψ(r1) and ψ(r2) describing the spatial part of the electron
orbitals, hence the four spin orbitals are

χ1(1) = ψs1(r1)α(1)

χ1(2) = ψs1(r2)α(2)

χ2(1) = ψs1(r1)β(1)

χ2(2) = ψs1(r2)β(2). (2.41)

According to the Pauli principle interchanging coordinates of two wave func-
tions must be an antisymmetric operation. The same is true when interchang-
ing the spin. Hence, this principle must also apply to the spin orbitals. The
overall antisymmetric wave function including spin can be expressed as follows:

Ψ = ψs1(r1)ψs1(r2) (α(1)β(2) − α(2)β(1))

= ψs1(r1)α(1)ψs1(r2)β(2) − ψs1(r1)α(2)ψs1(r2)β(1)

= χ1(1)χ2(2) − χ1(2)χ2(1). (2.42)

This can be written as a 2 × 2 matrix determinant,

Ψ =

∣∣∣∣χ1(1) χ2(1)
χ1(2) χ2(2)

∣∣∣∣ . (2.43)
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This approach can be extended to include more spin orbitals, and thereby
form a Slater determinant:

Ψ =
1√
n!

∣∣∣∣∣∣∣∣∣
χ1(1) χ2(1) . . . χn(1)
χ1(2) χ2(2) . . . χn(2)

...
...

. . .
...

χ1(n) χ2(n) . . . χn(n)

∣∣∣∣∣∣∣∣∣
. (2.44)

The interchange of two rows represents an interchange of two electrons. The
mathematical rules for determinants then results in a change of sign of Ψ,
exactly as required. Two equal rows will make the determinant vanish, rep-
resenting two electrons occupying the same spin as well as the same spatial
coordinates. Clearly, the Slater determinant captures the essential antisym-
metric behaviour according to the Pauli principle and the exclusion principle.
Using the Born-Oppenheimer approximation, the Schrödinger equation for a
fixed configuration of nuclei,

Ĥψ(r;R) = E(R)ψ(r;R), (2.45)

can now be solved. To do this, assume that the true electronic wave function
ψ is similar to the wave function ψ̃ where the presence of electron-electron
potential energy is disregarded. Hence, ψ̃ is the solution to H̃ψ̃(r;R) =
Ẽ(R)ψ̃(r;R). Here, H̃ =

∑n hi, and hi is the core Hamiltonian for an elec-
tron labelled i. Introducing spin orbital χa(xi;R), xi represents the joint
spatial and spin state of electron i at ri. Writing the wave function as a Slater
determinant yields,

ψ̃(x;R) =
1√
n!

det |χa(1)χb(2) . . . χz(n)|. (2.46)

This leads to a set of Hartree-Fock equations

f1χa(x1;R) = εaχa(x1;R), (2.47)

where χa(x1;R) has an arbitrary electron assigned to it, and εa is the orbital
energy of that spin orbital. The Fock operator f1, is defined as follows:

f1 = h1 +
∑

k

(Jk(1) − Kk(1)), (2.48)

where Jk and Kk represent the Coulomb and the exchange operator, respec-
tively. They are defined as

Jk(1)χb(x1;R) =

(∫
χ∗

k(x2;R)
1

|r1 − r2|χk(x2;R)dx2

)
χb(x1;R), (2.49)

22



and

Kk(1)χb(x1;R) =

(∫
χ∗

k(x2;R)
1

|r1 − r2|χb(x2;R)dx2

)
χk(x1;R). (2.50)

χa can be expanded by introducing a basis:

χa(x;R) =
n∑

k=1

ckaξa. (2.51)

Substituting this into 2.47 yields,

f1

n∑
k=1

ckaξk = εa

n∑
k=1

ckaξk. (2.52)

Multiplying the equation by ξ∗l from the left,

n∑
k=1

ckaξ
∗
l f1ξk = εa

n∑
k=1

ckaξ
∗
l ξk, (2.53)

and then integrating over r1 results in

n∑
k=1

cka

∫
ξ∗l f1ξkdr1 = εa

n∑
k=1

cka

∫
ξ∗l ξkdr1. (2.54)

This can be simplified by writing the integrals as Flk and Slk:

n∑
k=1

ckaFlk = εa

n∑
k=1

ckaSlk. (2.55)

Hence, since a = 1, . . . , n and l = 1, . . . , n the equations can be written in
matrix form as

FC = SCε, (2.56)

where Flk are the elements of the n×n Fock matrix, and Slk are the elements
the n × n overlap matrix. If ξ is chosen to be an orthonormal basis, then S
will be diagonal. Hence, to solve 2.56 a matrix C which diagonalizes F must
be found. If the basis for ξ is not orthogonal, then the overlap matrix S must
first be diagonalized: i.e., find X such that

X∗SX = I. (2.57)
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Applying this matrix equation to 2.56 and letting C = XC ′ results in

FXC ′ = XC ′ε

C ′∗X∗FXC ′ = ε. (2.58)

Hence, to calculate C we need to diagonalize C ′. The matrix elements of F
consists of a huge number of two electron integrals of the form,

〈ij|kl〉 =

∫ ∫
χ∗

i (x1;R)χ∗
j (x2;R)

1

|r1 − r2|χk(x1;R)χl(x2;R)dx1dx2.

(2.59)
Calculations of these two electron integrals will be the dominant part of a
Hartree-Fock calculation. Moreover, this method does not take into account
the effect of electron correlation. To account for these effects it is necessary to
use methods such as MP2, which are discussed later (see section 2.2.2). The
Hartree-Fock method presented here applies only to a closed shell system, i.e.
the electrons are paired and each pair is assigned a set of molecular orbitals.
This method called closed shell or Restricted Hartree-Fock (RHF). When a
system contains an odd number of electrons, then it is an open shell system.
This demands a different approach.

2.2.1 Open Shell Systems

A straightforward way to the open shell problem is to begin by pairing up as
many electrons as possible. In most cases this results in only one unpaired
electron with a different energy. This is called a singly degenerate system, or a
doublet. A system with two unpaired electrons is called a triplet. This name
originates from the multiplicity, rather than from the number of unpaired
electrons. A singlet (no unpaired electrons) has multiplicity 1, a doublet mul-
tiplicity 2, and a triplet 3. One of the methods for treating such unpaired
systems is the Restricted Open Shell Hartree-Fock (ROHF) method. ROHF
is implemented in software such as NWChem and Gaussian. Pople and Nesbet
proposed an alternative method [69] called Unrestricted Hartree-Fock (UHF).
In principle the UHF method assigns a different set of orbitals to the electrons
with spin ↑ and another for the electrons with spin ↓. It is easier to use UHF
than ROHF as a basis for further calculations such as Møller-Plesset 2.2.2
based methods. However, there is a disadvantage with the UHF over the
ROHF. The ground state is contaminated by excited states, which results in
an overestimation of the total spin operator S2. The true average value of S2

is as follows:
〈S2〉 = S(S + 1), (2.60)
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where S = number of unpaired electrons× 1
2 . For a system with one unpaired

electron (doublet) S = 1
2 , and hence 〈S2〉 = 1

2(1
2 + 1) = 0.75. UHF will often

gives values above 0.8. This high value represents a combination of doublet
and states of higher multiplicity. Fortunately, these states can be projected
out. One should be aware of the value of 〈S2〉. For a doublet it should not be
over 0.8 before projection and below 0.76 after, otherwise the results of the
calculations may be incorrect.

2.2.2 Møller-Plesset Methods

The Hartree-Fock method contains a significant omission: it does not treat the
correlations between electrons correctly. The electrons are assumed to move
in an average potential generated by the other electrons. The electron posi-
tions are not affected by the position of any other electrons, only their average
potential. However, electrons correlate their motion to avoid one another.
The correlation energy is defined as the difference between the exact energy
and the Hartree-Fock energy. Inevitably, this neglect of the correlation causes
problems such as in a H2 molecule where the electrons would spend equal
amount of time on both nuclei, even when they are infinitely separated. In
1934 Møller and Plesset derived an application of perturbation theory to the
molecule and correlations problem [70]. This method is known as MPn, where
n is the level of perturbation. Often n = 2, or n = 3, and sometimes n = 4,
but seldom more. Perturbation methods exploit the fact that the solution to a
nearly identical problem is known. Then the solution to the unsolved problem
is likely to be similar. In the case of molecular and correlation problem there
is no known solution, since the Hartree-Fock solution is an approximation
to the exact Hamiltonian operator. However, if we invert the problem, then
the approximate solution is an exact solution to an approximate Hamiltonian
operator, which is the sum of Fock operators for each electron. The pertur-
bation is the difference between this approximate Hamiltonian and the exact
one. The Hartree-Fock solution is regarded as being as the zero order term,
which is the sum of orbital energies. The first order correction to the energy
includes the two-electron integrals that correct the sum of orbital energies to
give the normal Hartree-Fock energy. The second order correction term is
MP2. As more corrections is added we get MP3, MP4, etc. More than MP4
is rarely evaluated since as more corrections are added the computational cost
increases by about a power each time. In the next section another method is
presented that allow systems containing hundreds of atoms to be treated with
a similar level of accuracy to MP2.
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2.3 Density Functional Theory

Following on now from the basic principles of quantum mechanics, the intro-
duction to the many body particle problem, and brief formulation of Hartree-
Fock methods, we next examine in detail an alternative approach: density
functional theory (DFT). This method relies on the fact that the ground state
of a system is fully determined by the electronic density. This now plays the
central role rather than the many electron wave function. DFT allows the
ground state energy to be found without treatment of the full wave function
and, thereby, drastically reduces the computational cost. DFT includes both
correlation and exchange forces, thus it is at an equivalent level of theory
to MP2. Since the electron density is used, the largest practicable model
size increases beyond the limitations of full wave function methods based on
Hartree-Fock methods.

2.3.1 Hohenberg-Kohn Theorem

Recall that the Born-Oppenheimer approximation 2.1.1 treats the atomic nu-
clei as being static. The electron Hamiltonian derived in 2.15 has the form

Ĥe = T̂e(r) + V̂ee(r) + V̂ne(r;R). (2.61)

Rewrite V̂ne(r;R) as Vext(r)
5 i.e.

Vext(r) =
∑
α

Zα

|rα − r| , (2.62)

and
V̂ext(r) =

∑
i

Vext(ri). (2.63)

To simplify matters, the nuclear positions R are not written out as an ar-
gument to V̂ext since they are treated as constants according to the Born-
Oppenheimer approximation. Te(r) + Vee(r) are the same for all N -electron
systems; hence, the ground state that is described by the corresponding
Schrödinger equation 2.61 must, therefore, be determined entirely by the num-
ber of electrons N and the external potential V̂ne. The ground state of this
Hamiltonian then yields the ground state electron density ρ0(r) and its corre-
sponding density operator ρ̂:

ρ0(r) = 〈Ψ0|ρ̂|Ψ0〉 =

∫ N∏
i=2

|Ψ(r)|2dri. (2.64)

5ext means external
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These are functionals of the number of electrons. Hohenberg and Kohn intro-
duced the density functional theory in 1964 where they made two fundamental
statements [71]. The first is,

The external potential Vext(r) is uniquely determined by the cor-
responding ground state electron density, within a trivial additive
constant

For all densities ρ(r) which are ground states of some external potential V (r),
Te[ρ] + Vee[ρ] = 〈Ψ|T̂e + V̂ee|Ψ〉 is unique and well defined. Next, assume that
V (r) is unrelated to the true external potential Vext(r), and from this define

EV [ρ] = Te[ρ] + Vee[ρ] +

∫
V (r)ρ(r). (2.65)

This is equivalent to the variation principle in 2.1.2 i.e.,

〈Ψ|Ĥ|Ψ〉 =

∫
ρ(r)V (r)dr + Te[ρ] + Vee[ρ] = EV [ρ] ≥ E0[ρ]. (2.66)

Note here it is assumed that ρ determines its own external potential Vext, and
ground state Ψ according to the first Hohenberg-Kohn theorem. From 2.66,
the second Hohenberg-Kohn theorem follows:

For a trivial density ρ(r), such that ρ(r) ≥ 0 and
∫

ρ(r) = N ,

E0 ≤ EV [ρ] (2.67)

where EV [ρ] is the energy functional defined in 2.65 and E0 the
ground state energy for N electrons in the external potential V (r).

To prove this, let Ψ̃0 be a test function for a system possessing an external
potential V (r). This results in

E0 < 〈Ψ̃0|Ĥ|Ψ̃0〉 = 〈Ψ̃0|H̃|Ψ̃0〉 + 〈Ψ̃0|(Ĥ − H̃)|Ψ̃0〉
= Ẽ0 +

∫
ρ0(r)[Vext(r) − Ṽext(r)]. (2.68)

Next, replace the test function with Ψ0 and apply the Hamiltonian H̃ instead;
hence, E0 = 〈Ψ0|Ĥ|Ψ0〉, and Ẽ0 = 〈Ψ̃0|H̃ |Ψ̃0〉. The result is

Ẽ0 < 〈Ψ0|H̃|Ψ0〉 = 〈Ψ0|Ĥ|Ψ0〉 + 〈Ψ0|(H̃ − Ĥ)|Ψ0〉
= E0 −

∫
ρ0(r)[Vext(r) − Ṽext(r)]. (2.69)
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Adding equation 2.68 and 2.69 results in a contradiction:

E0 + Ẽ0 < E0 + Ẽ0. (2.70)

Therefore, there can never be two external potentials that both have the lowest
ground state energy. Hence, the ground state density determines the external
potential at least within a constant. Thus, the first Hohenberg-Kohn theorem
is proved. The second theorem follows from the first, since a given density ρ(r)
determines its own external potential and ground state, and if this ground state
is taken as a test function to the Hamiltonian with external potential V (r),
then by the variational principle

〈Ψ|Ĥ|Ψ〉 = 〈Ψ|F̂ |Ψ〉 + 〈Ψ|V̂ |Ψ〉
= F [ρ(r)] +

∫
V (r)ρ(r)dr

= EV [ρ(r)] ≤ E0,

(2.71)

and the second theorem is proved. Equality holds only for non-degenerate
systems when Ψ is the ground state wave function of the external potential
V (r). Thus, the external potential and the number of electrons determine the
ground state properties. The constraint that

∫
ρ(r)dr = N , together with the

assumption that EV [ρ] is differentiable, yields the following equation.

δ

(
EV [ρ] − μ

(∫
ρ(r)dr − N

))
= 0, (2.72)

where μ is introduced as a Lagrange multiplier. Equation 2.72 can be simplified
to the following Euler-Lagrange equation.

μ =
δ EV [ρ]

δ ρ(r)
= V (r) +

δ Te[ρ]

δ ρ(r)
+

δ Vee[ρ]

δ ρ(r)
, (2.73)

where μ is called the chemical potential. See [72] for more details.

2.3.2 Kohn-Sham Equation

In [73] Kohn and Sham treat equation 2.72 as follows.

δ

(
EV [ρ] − μ

(∫
ρ(r)dr − N

))
= 0, (2.74)

and

δ

(
F [ρ] +

∫
Vext(r)ρ(r)dr − μ

(∫
ρ(r)dr − N

))
= 0. (2.75)
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The term F [ρ] is then written as

F [ρ] = Ts[ρ] +
1

2

∫
ρ(r)ρ(r′)

|r − r′| drr′ + Exc[ρ], (2.76)

where Ts[ρ] defined as the kinetic energy of a non-interacting electron gas of
density ρ(r). The second term in 2.76 is the classical electrostatic Hartree en-
ergy, and the final term is the combined exchange and correlation energy. The
purpose of this division is to separate relatively straightforward contributions
that can be calculated exactly, from Exc[ρ] which is not. Essentially, Exc[ρ]
represents the difference between a non-interacting system and an interacting
one. Usually, its contribution to the total energy is small and approximate
expressions exist, it turns out, that work well. Equation 2.75 can via 2.76 be
written as

δ Ts[ρ]

δ ρ(r)
+

∫
ρ(r′)

|r− r′|dr
′ + Vxc(r) + Vext(r) = μ. (2.77)

Notice that this equation describes a non-interacting system of particles mov-
ing in an external Kohn-Sham potential Vks(r) defined as

Vks(r) =

∫
ρ(r′)

|r− r′|dr
′ + Vxc(r) + Vext(r), (2.78)

where the exchange-correlation potential is

Vxc(r) =
δ Exc[ρ]

δ ρ(r)
. (2.79)

The Kohn-Sham potential Vks can be calculated from the electron density
using the expression

Vks[ρ] =

∫
Vks(r)ρ(r)dr. (2.80)

Since 2.77 describes a non interacting system of particles in the external po-
tential Vks(r) this can be substituted the one electron Schrödinger equation
to find the ground state electron density ρ0:(

−1

2
∇2 + Vks(r)

)
ψi(r) = εiψi(r). (2.81)

The density can be calculated by considering

ρ(r) = 2

N/2∑
i=1

|ψi(r)|2. (2.82)
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It should be mentioned here that ψi are not real orbitals, and they do not
correspond to real orbitals. They are only a transformation from kinetic energy
to density. It should also be mentioned that only spin polarized systems are
considered here. This is the reason for having the N/2 term in the summation.
The kinetic energy for this type of system can be calculated:

Ts[ρ] = 〈ψ|T̂e|ψ〉 = −
N/2∑
i=1

∫
ψ∗

i (r)∇2ψi(r)dr. (2.83)

The variational principle can be exploited now to make a self-consistent al-
gorithm, where a trial electron density is constructed that the total energy
is subsequently calculated from, and the result used to modify the electron
density in a way which converges on the ground state solution. Notice the
similarities between 2.81 and the Hartree-Fock equation 2.47. Equation 2.81
is much simpler because it is a function of r, instead of the positions of all
electrons. Hence, ψi can be expanded, as in the Hartree-Fock case, by using a
basis set ξi,

ψi(r;R) =

n∑
k=1

ckiξi. (2.84)

Applying this to 2.81 yields(
−1

2
∇2 + Vks(r)

) n∑
k=1

ckiξk = εi

n∑
k=1

ckiξk. (2.85)

Multiplying by ξ∗l from the left gives

n∑
k=1

ckiξ
∗
l

(
−1

2
∇2 + Vks(r)

)
ξk = εi

n∑
k=1

ckiξ
∗
l ξk, (2.86)

and then integrating over r results in

n∑
k=1

cki

∫
ξ∗l

(
−1

2
∇2 + Vks(r)

)
ξkdr = εi

n∑
k=1

cki

∫
ξ∗l ξkdr. (2.87)

The integrals can then be expressed using Flk and Slk giving

n∑
k=1

ckiFlk = εa

n∑
k=1

ckiSlk. (2.88)
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Hence, this is analogous to the n × n Fock matrix and overlap matrix in
Hartree-Fock theory. Here, Flk is an element of the Kohn-Sham matrix. This
means, therefore, that there are n equations which can be rewritten in matrix
form:

FC = SCε. (2.89)

If ξ is chosen to be an orthonormal basis, then S will be diagonal. It is not
obvious that an orthogonal basis is a better choice: it may, in fact, lead to
numerical instabilities and other problems. Another possibility is to use a
normalized nonorthogonal basis. This implies that it is necessary to solve a
generalized eigenvalue problem. These algorithms are numerically stable. If
the basis ξ is not orthogonal, then it is necessary to diagonalize the overlap
matrix S, i.e., find X such that

X∗SX = I. (2.90)

Applying this matrix equation to 2.89 and letting C = XC ′ results in

FXC ′ = XC ′ε

C ′∗X∗FXC ′ = ε. (2.91)

Hence, to calculate C we need to diagonalize C ′. The problem is that F is
dependent on the orbitals which is solved through an iterative process. The
matrix elements of F consists of a huge number of integrals:

〈ij|kl〉 =

∫ ∫
ψ∗

i ψ
∗
j

(
−1

2
∇2 + Vks(r)

)
ψkψldx1dx2. (2.92)

This is similar to the calculation of the two electron integrals in the Hartree-
Fock method, but simpler in some sense. A direct summation of the one-
electron eigenvalues for this non-interacting system,

2

N/2∑
i=1

εi = Ts[ρ] +

∫
ρ(r′)

|r− r′|dr
′ −

∫
ρ(r)Vxc(r)dr −

∫
ρ(r)Vext(r)dr, (2.93)

will, for an interacting system, over-count the exchange-correlation energy, and
double counts the Hartree energy. Hence, the total energy of an interacting
system is

E = 2

N/2∑
i=1

εi − 1

2

∫
ρ(r′)

|r− r′|dr
′ −

∫
ρ(r)Vxc(r)dr − Exc[ρ]. (2.94)
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Within this method the electrons move, not only in a potential set up by
the nuclei, but also in an effective potential Vks(r) which includes electron-
electron interaction within it. The electron-electron interaction is replaced in
the Kohn-Sham equations by an interaction with a medium which corresponds
to the electron-electron interaction. The computational effort to solve the
Schrödinger equation for an extended non-interacting system is O(n3) since it
is necessary to diagonalize the Hamiltonian. Linear scaling methods have also
been developed: see [74] for an overview.

2.3.3 V - and N Representability

A density ρ is V -representable when it is associated with the ground state wave
function of a Hamiltonian of the form 2.61 with some external potential V (r).
Hence, density distributions exist that are not V -representable. Therefore, it
is implicit that within the Hohenberg-Kohn theorems in 2.3.1 that the density
distributions must be V -representable. The variation principle ceases to apply
in the case of non V -representable densities. At present, the condition for a
density distribution to be V -representable is unknown. Fortunately, there a
weaker representation exists that simplifies matters: N -representability. A
density distribution ρ(r) is N -representable when

ρ(r) ≥ 0,∫
ρ(r)dr = N,∫

|∇ρ(r)
1
2 |2dr ≤ ∞. (2.95)

N - is weaker than V -representation since N - implies V -representation.

2.3.4 Spin Polarized Density Functional Theory

Similar to Hartree-Fock theory, unpaired electrons must be treated. The Local
Spin Density Functional Theory (LSDFT) is an extension to DFT just as
UHF is to RHF. Within this theory both the spin and the electron density are
treated. The net spin is defined as the difference between the up-spin ρ↑ and
the down-spin ρ↓ populations. The total electron density is the sum of each
type of electrons. This results in a set of spin polarized Kohn-Sham equations.
Hence, there are two sets of wave functions, one for each spin, as in the UHF
theory.
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2.3.5 Exchange and Correlation

Until now nothing has been mentioned about the exchange and correlation
term, Exc[ρ]. This term includes all the energy terms which are not included
elsewhere:

• The electron exchange force.

• Electron correlation.

• Some kinetic energy to correct the Ts[ρ] to obtain the true kinetic energy
Te[ρ] of a real system.

• Correction of the self interaction introduced by the classical Coulomb
potential.

There are a numerous of ways to define and describe this functional, often,
but not always divided into an exchange and a correlation part,

Exc[ρ] = Ex[ρ] + Ec[ρ]. (2.96)

In the local density approximation (LDA), the functionals depends only on
the electron density ρ. The local exchange functional is often defined as

ESlater
x [ρ] = −3

2

(
3

4π

) 1
3
∫

ρ4/3d3r. (2.97)

Gradient corrected functionals depends both on ρ and on its gradient ∇ρ.
One gradient corrected version of the local exchange functional was defined
by Becke in 1988 [75]:

EB88
x [ρ] = ESlater

x − γ

∫
ρ4/3

(1 + 6γ sinh−1 x)
d3r. (2.98)

Another one, employed to calculate the results presented in Chapter 4 is a
hybrid functional called B3LYP constructed by Becke, Lee, Yang and Parr [76]:

EB3LY P
xc [ρ] = a0E

HF
x [ρ] + (1 − a0)E

Slater
x [ρ] + axΔEB88

x [ρ] (2.99)

+ (1 − ac)E
V MN3
c [ρ] + acE

LY P
c [ρ]

(2.100)

where EHF
x is the Hartree-Fock exchange term. The correlation term EV MN3

c

is constructed by Vosko, Wilk and Nusair [77], and the ELY P
c is by Lee, Yang

and Parr [78]. ΔEB88
x [ρ] refers to the latter (nonlocal) part of equation 2.98.

The components are weighted together by the parameters which have been
empirically determined to a0 = 0.20, ax = 0.72 and ac = 0.81.
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2.3.6 Local Density Approximation

Some more details about the local density approximation must be mentioned
since it works remarkably well, yet is simple. As its name implies, the LDA is
a local approximation. The exchange and correlation energy are approximated
by letting each infinitesimal volume in space dr have the same energy that it
would have if the entire space was filled with that density. LDA is exact for
a uniform density. It is far from obvious how it can be a good approxima-
tion for the a non-uniform density. However, in practice it works very well.
One contribution to its success is that the sum rule for the true exchange cor-
relation functional is obtained by the LDA. To show improvements over the
LDA any gradient expansion must also fulfil the sum rule. The local density
approximation underestimates the exchange energy part by about 10% and
overestimates the correlation contribution by about 2-3 times. However, the
correlation energy is about one tenth of the exchange energy. Thus, the total
exchange and correlation term is underestimated.

2.3.7 Time Dependent DFT

Since DFT is a ground state theory it cannot represent exited states of a
system. However, the introduction of time into the system makes it possible
to calculate optical and other properties associated with exited states. The
derivation of the time dependent DFT is given by Rung and Gross [79], where
they derived a time dependent functional formalism that is analogous to [71,
73]. More information about time dependent DFT can be found in Freddie
Kootstra’s thesis [80].

2.3.8 A Typical DFT Implementation

The strategy for performing DFT based calculations is typically arranged as
follows.

1. Choose an initial charge density.

2. Construct a grid for charge density, exchange and correlation.

3. Compute the Kohn-Sham matrix and the overlap matrix 2.89.

4. Calculate the coefficients of the expansion.
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5. Compute the new density ρ.

6. If density or energy changes more than a specified value, then repeat
from 3.

7. Calculate the first derivatives of energy and update the atom coordinates.

8. If gradient is not converged (i.e. too large), then repeat from 3.

9. Post process the converged data, e.g. calculate vibration frequencies etc.

2.3.9 Performance

Results obtained by DFT with the LDA are of similar quality to MP2. Adding
gradient corrected functionals to DFT gives results that are comparable with
those obtained using MP4 and coupled cluster methods. The computational
cost of DFT scales in terms of the number of basis functions N as O(N3). This
is considerably better than the O(N4) requirements of Hartree-Fock methods.
See section 3.1.1 for a more detailed discussion about performance and com-
parison with other methods.

2.4 Group Theory and Vibrational Spectroscopy

The relationship between symmetry and beauty has been long known. Sym-
metry appears not only in artifacts made by humans, but also in natural
structures such as molecules and infinite crystal lattices. It is, therefore, no
surprise that symmetry plays an important role within computational chem-
istry. Consider, for example, a water molecule. It will be considered as being
unchanged when it is rotated about an axis through the oxygen atom in such a
way that the hydrogen atoms switch places. One can argue that this molecule
is now in a different orientation; however, since hydrogen atoms are indis-
tinguishable, there is no way to distinguish the orientations. Symmetry can
be exploited to reduce computational cost by suitable mapping of equivalent
entities (e.g. atoms, wave functions, etc.) so that quantities or parameters
associated with them are calculated only for the minimal, irreducible set. A
brief presentation of group theory and some of its applications in this field
follows. For a more thorough description see, for example, [81].
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2.4.1 Symmetry Elements and Operations

Rotations

As mentioned previously, sets of specific, fundamental operations can be de-
scribed that when performed on objects transform them into an indistinguish-
able, equivalent form. Take, for example, a benzene ring (C6H6). This pos-
sesses an axis of symmetry perpendicular to the ring, through its centre. Thus,
it can be rotated it through angular intervals 360◦/6 = 60◦ that leave the
molecule in a equivalent orientation. In the notation used to describe these
operations, a n-fold rotation axis is written as Cn. In the present example the
operation is C6 since there are six rotational symmetries along that axis. This
molecule has several rotational axes but, all others are C2; therefore, they have
lower symmetry. By convention molecules are drawn with the highest order
axis parallel to the z-axis.

Reflections

There are other types of symmetry operations such as reflection in planes. A
plane of symmetry and the operation of reflection in it are both given the
symbol δ. When the plane of symmetry contains the axis of highest order
it is named δv where v means vertical. Another notation is δ(xy) or δ(yz)
where the planes of symmetry are described by the Cartesian axes present
in the brackets. Another plane of reflection is the plane that contains the
main rotation axis but which is not the δv plane. Such a plane is named δd

where d means dihedral. The final plane of symmetry is the horizontal plane
of symmetry δh, i.e. perpendicular to the highest order of rotation.

Inversion

Inversion is the simplest operation to represent mathematically, but the hard-
est one to visualize. In effect all coordinates are mirrored through a single
point (called the centre of symmetry or inversion centre) and end up at an
equal distance on the other side of the point. If the origin of the Cartesian
axes are taken as the inversion centre the inversion operation is simply

(x, y, z) → (−x,−y,−z).

Repeating this operation results in the identity operation.
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Rotation-Reflections

Rotation-reflections consist of first a clockwise rotation around the axis, fol-
lowed by a reflection in the plane perpendicular to the rotational axis. The
symbol for such an axis is Sn, where n is the number of rotation-reflection sym-
metries along that axis. The number of operations generated by Sn depends
on whether n is odd or even. When n is odd 2n distinct operations are gener-
ated. These are S1

n, S2
n, . . . , S2n

n , where S2n
n is the first operation that results

in an identity operation. However, when n is even the first identity operation
is Sn

n ; hence, there are twice as many elements in the group when n is odd.
Regardless of whether n is odd or even, there are several of so called improper
rotations that are similar to other operations: e.g., for n = 4, S2

4 = C2
4 = C1

2 ,
and a special case S4

4 = E, where E is called the identity element. Hence, the
operations generated by S4, therefore, are often written as S1

4 , C1
2 , S3

4 , E.

Symmetry element Symmetry operation

E, identity
Cn rotation axis Ci

n, rotations about axis
δ reflection plane δ, reflection in plane
i centre of symmetry i, inversion through centre of symmetry
Sn rotation-reflection axis Si

n, rotation and reflection

Table 2.1: Symmetry elements and operations.

2.4.2 Group Theory

The branch of mathematics that applies to the systematic treatment of sym-
metry is called group theory. A group is a collection of elements that are
related to one another. Specifically, an operation exists, called group multipli-
cation, that when applied to a pair of elements within the group, generates a
third element which is also within the group. This can formally be written as
follows.

• A group closed under the operation of group multiplication.

• Group multiplication is associative, i.e. A(BC) = (AB)C.

• There is a unique unit element E such that EA = AE = A.

• There is an inverse A−1 that possesses the property AA−1 = A−1A = E.
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In the previous section we saw that a molecule can have a many symmetry ele-
ments which all are associated with one or more symmetry operations. Hence,
a collection of symmetry operations will form a group. The natural group op-
erations is the consecutive appliance of the operations on the molecule. To do
so it must be shown that this group fulfils the four requirements above. Thus,
it is the symmetry operations that forms the group, and not the elements.

Closed Under Group Multiplication

A intuitive definition of the group multiplication was given earlier. This defini-
tion holds under the requirements of a group multiplications since a symmetry
operation must transform the molecule into an equivalent structure.

Identity Operation

There exists a natural identity operation, leaving all atoms unchanged. This
operation can clearly be combined with any other operation.

Associative Law

Since all symmetric operations must leave the molecule intact the operation
must be associative as defined earlier.

Inverse

Defining an inverse of a symmetry operations is simple: it is only to reverse
the operation, hence it is clearly defined.

2.4.3 Point Groups

The properties discussed above for symmetry operations on a molecule form
point group. There exists a point group for all molecules, the only differences
is the number of elements (symmetry operations) in the group. It is therefore
natural to classify molecules with respect to its associated point group. Doing
so one ends up with four categories of groups.
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1 Molecules with no axis of symmetry
C1 No other elements
Cs One plane of symmetry
Ci Centre of inversion

2 Molecules with one axis of symmetry
Cn No other elements
Cnv n vertical planes of symmetry
Cnh One horizontal planes of symmetry
S2n An S2n coincident with Cn

3 Cn molecule with n perpendicular two-fold axes
Dn No other elements
Dnd n vertical planes containing Cn which bisects the angle

between the n C2 axes
Dnh A horizontal planes of symmetry

4 Special groups
Td Tetrahedral
Oh octahedral
Ih Icosahedral
C∞v Linear with no centre of symmetry
D∞h Linear with centre of symmetry

Table 2.2: The four categories of point groups.

2.4.4 Matrix Representation

To treat all the group representations mathematically a better representa-
tion than the initial molecule is needed. One way to create such a rep-
resentation is to attach vectors to the molecule and study the changes of
them when symmetry operations are performed. A useful representation
of this type is to attach three perpendicular vectors at each atom oriented
along the axes of the Cartesian coordinate system. Take for example a wa-
ter molecule, at each atom we attach three vectors, (xO, yO, zO) at the oxy-
gen atom. The two hydrogen atoms are represented by (xH1, yH1, zH1) and
(xH2, yH2, zH2) respectively. The whole system is then represented by the vec-
tor v = (xO, yO, zO, xH1, yH1, zH1, xH2, yH2, zH2). In this example the water
molecule four symmetry operations are present, E, C2, δ(xy) and δ(yz). Hence,
the point group is C2v. It is now easy to represent symmetry operations using
matrices. A rotation along the C2 axis is represented by the following matrix.
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C2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1 0 0 0 0 0 0 0 0
0 −1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 −1 0 0
0 0 0 0 0 0 0 −1 0
0 0 0 0 0 0 0 0 1
0 0 0 −1 0 0 0 0 0
0 0 0 0 −1 0 0 0 0
0 0 0 0 0 1 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Performing the vector matrix multiplication C2v results in⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1 0 0 0 0 0 0 0 0
0 −1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 −1 0 0
0 0 0 0 0 0 0 −1 0
0 0 0 0 0 0 0 0 1
0 0 0 −1 0 0 0 0 0
0 0 0 0 −1 0 0 0 0
0 0 0 0 0 1 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

xO

yO

zO

xH1

yH1

zH1

xH2

yH2

zH2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−xO

−yO

zO

−xH2

−yH2

zH2

−xH1

−yH1

zH1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Hence, the effects of the rotation is shown in the resulting vector where the
components describing the hydrogen atoms are switched and the oxygen-
vectors are rotated around its z-axis. Other symmetry operations in the group
such as σ(xz) and σ(yz) will be represented by similar matrices, e.g. the unit
operation will be represented by the unit matrix. Consecutive symmetry oper-
ations are represented by matrix matrix multiplications of the corresponding
matrices. This representation can be greatly simplified by considering only
the character of the representation i.e. the trace of the matrix. Hence, the
previous example would be simplified to the following set of characters.

C2v E C2 σ(xz) σ(yz)

Γ3N 9 −1 1 3

Table 2.3: Character table of a water molecule.

Here Γ3N indicates that 3N vectors are used as a basis for the representations.
An important factor in this representation is the Tx, Ty and Tz: these are es-
sentially the set of all the x, y, or z-vectors at each atom. T is the translation
vector. If one examines the effects upon Tx, Ty and Tz when symmetry opera-
tions are performed on a water molecule, then the vectors are either preserved
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(+1) or reversed in direction (−1). A set of vectors representing rotations
Rx, Ry and Rz can also be defined, i.e. rotations along the x, y, or z-axis.
This is summarized in the following table.

C2v E C2 σ(xz) σ(yz)

+1 +1 +1 +1 Tz

+1 +1 −1 −1 Rz

+1 −1 +1 −1 Tx

+1 −1 +1 −1 Ry

+1 −1 −1 +1 Ty

+1 −1 −1 +1 Rx

Due to similarity this table can be further simplified as follows.

C2v E C2 σ(xz) σ(yz)

+1 +1 +1 +1 Tz

+1 +1 −1 −1 Rz

+1 −1 +1 −1 Tx or Ry

+1 −1 −1 +1 Ty or Rx

These character tables can be found in the literature covering all the symmetry
groups. These tables can together with Table 2.3 be used to calculate an
irreducible representation of the water molecule. Assume that A is a reducible
representation and is related to the irreducible representation B via a similar
transformation X then

XAX−1 = B

The trace of the reducible representation A, χ(A) would equal the trace of
the irreducible representation B, χ(B). This fact can be used to deduce the
irreducible representations present in a reducible representation. The number
of times an irreducible representation p appears in an reducible representation
is defined by

ap =

(
1

g

)∑
R

χi(R)χp(R), (2.101)

where g is the number of symmetry operations of the group, and R is any
symmetry operation of the group. Putting equation 2.101 to the test we can
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deduce the irreducible representation of the water molecule.

a(A1) =
1

4
((1 × 9 × 1) + (1 ×−1 × 1) + (1 × 1 × 1) + (1 × 3 × 1)) = 3

a(A2) =
1

4
((1 × 9 × 1) + (1 ×−1 × 1) + (1 × 1 ×−1) + (1 × 3 ×−1)) = 1

a(B1) =
1

4
((1 × 9 × 1) + (1 ×−1 ×−1) + (1 × 1 × 1) + (1 × 3 ×−1)) = 2

a(B2) =
1

4
((1 × 9 × 1) + (1 ×−1 ×−1) + (1 × 1 ×−1) + (1 × 3 × 1)) = 3,

(2.102)

where a in the (a× b × c) terms are the number of symmetry operations that
can be applied to a water molecule, e.g. one E, one C2, one σ(xz) and one
σ(yz), b represent the Γ3N character table of a water molecule (Table 2.3).
Finally, c represents the character table for the symmetry group C2v. We can
now state that

Γ3N = 3A1 + A2 + 2B1 + 3B2 (2.103)

is an irreducible representation of the water molecule.

2.4.5 Vibrational Spectroscopy

Light is much more than the range of colours visible to our human eye. The
frequency range extends from low frequencies such as radio waves to high
energy radiation such as γ-rays. Maxwell’s theory interprets light as two
separate fields, one electric and one magnetic, which are mutually orthogonal.
These fields are in phase and propagate as a wave within each plane. The
velocity propagation in vacuum is constant for all regions in the frequency (ν)
spectrum i.e.

c = λν. (2.104)

Where λ is the wavelength and c = 2.997925 × 108 m s−1 (speed of light).
Hence we may rewrite this equation as

ν̃ =
1

λ
=

ν

c
, (2.105)

where ν̃ is referred to as the wave number. This unit is commonly in infrared
(IR) spectroscopy, since it is linear with energy. Normally it is expressed as
the number of waves per centimetre cm−1. We know from the pioneering
work done by Einstein, Planck, and Bohr that the energy is not continuous
for an electromagnetic wave: it is quantized and can be regarded as a stream
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of particles each of them having an energy E. The relation is given by the
Planck equation,

E = hν, (2.106)

where h is the Planck constant, ν is equivalent to the classical frequency. This
describes how energy is divided into discrete quanta, E0, E1, E2 . . . . Hence,
the frequency of emission or absorption of radiation from a transition between
two energy states is given by

ν = (E1 − E0)/h. (2.107)

Infrared spectroscopy exploits the change in electric dipole moment of the
molecule. Vibrations that do not change the electric dipole moment cannot
be detected by infrared spectroscopy. Therefore, understanding molecular
symmetry and group theory is crucial when initially assigning infrared modes.

Infrared resonances due to a given mode is normally distributed over a
band of frequencies due to several factors. For instance, the motion of mole-
cules in gases means that the frequency of the radiation that is absorbed or
emitted by each molecule is shifted by the Doppler effect. Thus, the intensity
distribution or shape of the spectral line in this case is determined by the
statistics of the molecular velocities. Another important contribution to the
lineshape is due to the Heisenberg uncertainty principle. In this case the width
or sharpness of the resonance is determined by the lifetime of the excited state
that it is associated with. The faster that the state decays, the less precisely
its frequency is determined, and hence, the broader the resonance is. Collision
between molecules as well as chemical interactions also cause broadening of
infrared resonances. When a molecule interacts with infrared radiation over-
tones are produced. These are integer multiples of the fundamental frequency.
This phenomenon is well known from music. It is the combination of overtones
that gives a musical instrument its characteristic sound. The energy required
for the first overtone is double the amount for the fundamental since it occurs
with double the wavenumber, assuming a harmonic potential. Sometimes an
overtone of one mode occurs near or at the same wavenumber as the fundamen-
tal of another. Such accidental degeneracy arising in polyatomic molecules in
which two different vibrational states accidentally possess approximately the
same energy and interact with each other is called a Fermi resonance. Vibra-
tions in the skeleton of a molecule are often coupled and cannot be assigned
to a specific bond or pair of atoms.
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Normal Modes of Vibration

Molecules interact with infrared radiation when the dipole moment of the vi-
brational mode changes. These movements of stretching and bending bonds
are collectively called vibrations. A molecule can only absorb incoming ra-
diation with the same frequency as one of its fundamental vibration modes.
This implies, in principle, that for a specific frequency only a small part of the
molecule will be affected and the rest of the molecule will not. For diatomic
molecules only one degree of freedom exists, the stretching and compressing of
the bond. Molecules containing N atoms possess 3N − 6 vibration degrees of
freedom for a non-linear molecule and 3N − 5 degrees of freedom for a linear
molecule. Hence, translations and rotations are not considered. For a linear
type triatomic molecule two of the four modes will be degenerate, i.e. they
have the same frequency. There are two other concepts involved in describing
molecular vibrations, namely, the mass of the atoms involved and the stiffness
of the bond. Bond stiffness can be described as a force constant k. The mass
is best described by the reduced mass μ, which for a diatomic molecule is
defined as

1

μ
=

1

m1
+

1

m2
, (2.108)

where m1 and m2 is the masses of the atoms involved. Now the equation for
the wavenumber ν̃ can be written as

ν̃ =
1

2πc

√
k

μ
, (2.109)

where c is the speed of light. Stretching vibrations of a polyatomic molecule
can be either symmetric (sym), in phase or antisymmetric (asym), out of
phase. Bending of bonds, i.e. changes in the bond angle, also absorbs infrared
radiation. These bends can be classified into four groups:

• Deformations (def), symmetrical in plane movements.

• Rocking (rock), non-symmetrical in plane movements.

• Wagging (wag), symmetrical out of plane movements.

• Twisting (twist), non symmetrical out of plane movements.

High-symmetry molecules have more symmetrical vibration modes and fewer
infrared absorption bands. A large change in dipole moment results in a large
infrared absorption; hence, molecules containing atoms that are very far from
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each other in the periodic table will have intense infrared absorption bands.
The opposite is also true: bonds involving the same kind of atoms respond
weakly. This is a greatly simplified description, and the true situation is more
complex. The infrared spectrum of a molecule is modified by the coupling
of vibrations over its entirety. These are called skeletal vibrations. Skeletal
vibrations create significant patterns known as the fingerprint, which often
occurs in the region of 800–1500 cm-1. This band is commonly referred to as
the fingerprint region.

Returning to the water molecule, there are three atoms, and hence
3 × 3 − 6 = 3 degrees of freedom; thus, there are three vibrational modes.
The next problem is how to find these vibrational modes. The irreducible
representation (Γ3N), consists of three elements of symmetry: translation,
rotations and vibrations. We have earlier shown that

Γ3N = 3A1 + A2 + 2B1 + 3B2. (2.110)

If the translation and rotational symmetries ΓT+R = A1 + A2 + 2B1 + 2B2 are
removed from this representation we are left with only the vibrational parts
that are infrared active:

Γvib = 2A1 + B2. (2.111)

If the symmetries of the vibrational modes are known, then a classification
can be made, including whether they will be IR or Raman active. Then, it
only remains to determine which vibrational frequency corresponds to which
vibrational mode. This is the most difficult part of the problem. In reality
the vibrational modes are seldom pure: usually they are a linear combination
of several symmetries.

Infrared Active Vibrations

A vibrational mode is infrared active if it changes the dipole moment of the
molecule. Hence, the incident infrared light induces a transition via the dipole
moment. The probability that such a transition moment occurs can be written
as ∫

ψiμψfdτ, (2.112)

where ψi is the initial state, μ the dipole moment and ψf the final state. Notice
here that ψi = ψ∗

i ; thus, the vibrational ground state is always real, and the
conjugate is unnecessary. This probability is nonzero only when the product
ψiμψf contains a totally symmetric irreducible representation. However since
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μ can be divided into three directions (x, y, and z) the integral needs to
be nonzero in only one of these cases. The symmetry properties of dipole
moment μ along any of this axis is the same as those of the translation vector
T along the same axis. ψi has the property of an s-orbital, i.e. it possesses
spherical symmetry. The wave function ψf has the same properties as the
ones describing the vibration modes involved. Hence, to calculate the integral
above we need to form the product of these three components or actually their
irreducible representations. If we return to the water molecule, then the direct
product of equation 2.112 of the A1 vibration can be rewritten as

A1 × B1 × A1 = B2

A1 × B2 × A1 = B1

A1 × A1 × A1 = A1, (2.113)

and the B2 vibration can be written as

A1 × B1 × B2 = A2

A1 × B2 × B2 = A1

A1 × A1 × B2 = B2. (2.114)

Both sets of direct products contain A1, which implies A1 and B2 are both
infrared active.

That concludes this brief description of quantum mechanics, modelling
methods, group theory, and vibrational spectroscopy. Next follows an
overview of the modelling and experimental approaches used within the
remainder of this work.
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Chapter 3

Methodology

The continuous development of theory, computers, and algorithms continually
raises the limits of what is possible to model. In [11], where sodium ethyl
xanthate (a molecule containing 12 atoms) was investigated, it is stated that,
“The potassium salt could not be economically calculated”. This was almost
twenty years ago. Now one can easily calculate the geometrically optimized
structure and vibrational frequencies of potassium ethyl xanthate [15]. Tra-
ditionally, Hartree-Fock and post Hartree-Fock methods—and more recently
density functional theory—have been used in combination with all electron po-
tential approaches for ab initio calculations of chemical properties. However,
calculations involving all electron potentials are still very time consuming.
With present-day computer resources it is expensive to calculate properties of
atomic systems with more than 50 atoms using an all electron model. Systems
of up to 200 atoms or more may be required to model accurately adsorption.
Even if density functional theory is superior in efficiency compared to the
Hartree-Fock based methods [15], then it cannot alone carry the weight of
such a large system. Pseudopotentials eliminate the core electrons, and or-
bitals and reduce the number of particles in the system [82]. They are carefully
constructed to produce valence orbitals which are smooth in the core region.
Hence, significantly fewer plane waves needed to describe accurately the wave
functions. See Michael Dolg’s work [83] for a detailed discussion about effec-
tive core potentials and pseudopotentials. The pseudopotential formalism has
been used successfully in solid state physics to model solids and surfaces for
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several years, especially in combination with density functional theory [31].
In the present work it is shown that this method is very suitable for calcula-
tions of critical chemical properties, such as optimized geometrical structures,
and vibrational frequencies. Here it is applied to model the xanthates and
adsorption of xanthates on Ge and ZnS.

3.1 Strategy

In this work the NWChem,1 and Gaussian 032 program packages are used
as a references. NWChem and Gaussian are widely used in computational
chemistry. All calculations involving pseudopotentials are done with the Ab
Initio Modelling PROgram, AIMPRO3 (see section 3.1.3). Sodium and potas-
sium ethyl/heptyl xanthates as well as dibutyldithiophosphates and its zinc
and potassium salts are investigated with the main emphasis on their atomic
structure and vibrational modes. The results from the NWChem calculations
are compared with the results obtained from the DFT calculations within the
local approximation and pseudopotential formalism (AIMPRO). The results
from the pseudopotential calculations are in excellent agreement with both
the all-electron DFT and MP2 calculations, as well as with the experimental
results. In the following sections Hartree-Fock based methods are compared
with DFT. We also demonstrate how much faster the method based on DFT
and pseudopotentials is compared with the more common methods. This is
followed by a section describing some of the problems concerning boundary
condition for atomic systems. Finally, a short introduction is given to the
experimental methods employed.

3.1.1 HF versus DFT

Great care should always be taken when choosing methods (e.g. basis sets
etc.), since modelling large systems can be very time consuming. For instance,
the computational time required in Hartree-Fock calculations to evaluate the
four centre integrals 〈ab|cd〉 scales as O(n4), where n is the number of basis
functions. For example, there are about 4.3 × 105 integrals to solve each it-
eration when studying the 11-atom ethyl xanthate using a STO-6 basis set.

1NWChem, A Computational Chemistry Package for Parallel Computers, Version 4.5, 4.7
and 5.0”, Pacific Northwest National Laboratory, Richland, Washington 99352-0999, USA.

2Gaussian 03, Revision C.02 Gaussian, Inc., Wallingford CT, 2004.
3A computational Physics/Chemistry program package developed by Patrick Briddon

(Newcastle, UK), Sven Öberg (Lule̊a, Sweden), Robert Jones (Exeter, UK), et al.
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STO-6 is a relatively small basis set with only 43 basis functions. A larger
basis, such as the 6-311G**, would use 160 basis functions and about 8.2×107

integrals. These numbers are hypothetical, of course, since in implementations
great care is always taken to reduce and reuse computations. However, they
illustrate how rapidly the size of the problem increases with the number of ba-
sis functions. There are numerous ways to decrease the numbers of integrals.
For example, using the same exponent in several basis functions provides a
reduction in their number. One of the most efficient ways to reduce the com-
putational effort is to identify integrals which are too small to contribute, i.e.
can be regarded as being zero. Group theory can also be exploited by identify-
ing and describing symmetries, such as mirror planes, centres of inversion etc.
to avoid duplication of effort. To illustrate the computational cost of different
methods, the total execution time for structural optimization and calculations
of vibrational modes of ethyl xanthate are given in Table 3.1. The actual time
is not important since it is hardware dependent. However, the relationship
between the methods and basis sets are. All these calculations have been done
with NWChem.

Method Basis set No. basis functions Relative wall time
DFT LDA DZVP 108 1.00
DFT LDA DZVP2 123 4.46
DFT LDA TZVP 152 6.84

DFT B3LYP DZVP 108 3.30
DFT B3LYP DZVP2 123 4.55
DFT B3LYP TZVP 152 6.83

SCF STO-3G 43 0.39
SCF STO-3G* 55 2.40
SCF STO-6G 43 1.41
SCF 6-311G 109 1.79
SCF 6-311G* 145 4.71
SCF 6-311G** 160 6.72
MP2 STO-3G 43 1.20
MP2 STO-3G* 55 3.45
MP2 STO-6G 43 5.12
MP2 6-311G 109 10.15
MP2 6-311G* 145 18.80
MP2 6-311G** 160 21.26

Table 3.1: Relative execution time for the geometrical optimization and vibra-
tional mode calculations of the ethyl xanthate molecule using NWChem 4.7.
Relative execution time are computed versus the results obtained using DFT,
LDA and the DZVP basis set.

According to this table, DFT is not the fastest method: SCF with STO-3G
basis sets is. Here, it is clear that the system is too small to show the real
effects of time complexity of the methods. Furthermore, the DFT basis set
contains more than double the number of basis functions. Thus, when the sys-
tem is sufficiently small it can be better to choose a simpler method. However,

49



there is also the question of accuracy. SCF does not include correlation; this
requires the MP2 extension. This increases the computational cost by an or-
der of magnitude. Since DFT has the same level of accuracy as MP2, a better
comparison is DFT versus MP2. The DFT calculation using DZVP basis sets
is about 20% faster than MP2 with a STO-3G basis, and 21 times faster than
MP2 with a 6-311G** basis set. See Chapter 4 for a detailed discussion of the
relative accuracy of these methods. The results of the DFT calculations have
a similar level of accuracy to the 6-311G** calculations, with regard to both
structure and vibrational modes. Therefore, in this example, DFT produces
essentially the same results 21 times faster than the MP2 6-311G** formal-
ism. With respect to experimental results, DFT calculated vibrational modes
are actually more accurate than the ones calculated with MP2. One thing
must be mentioned in favour of Hartree-Fock based methods. All Hartree-
Fock methods can be driven into absolute convergence, within the limitations
of the method. Thus, better basis sets can always be chosen, and more de-
terminants can be taken into account, thereby systematically improving the
results. Calculations of this type are extremely time consuming, and are lim-
ited at present to diatomic species at most. Unfortunately, DFT lacks this
type of systematic convergence property. Nevertheless, the overall efficiency
of DFT makes it the natural choice when balancing speed and accuracy in
the size domain ∼ 1-50 atoms. To be able to model systems larger than this,
density functional theory on its own is not sufficient. The number of basis
functions must be reduced, since all algorithms scale with the size of the basis
set. A reduction of the number of basis functions can be done by the usage of
pseudopotentials, which are discussed in the next section 3.1.2.

3.1.2 The Pseudopotential Concept

The pseudopotential concept was introduced by Fermi in 1934. The simple
motivation for pseudopotentials is that the valence electrons are largely re-
sponsible for the forming of chemical bonds and most of the other physical
properties. Since the wave functions must be mutually orthogonal, and the
core electron wave functions are localized, the valence electron wave func-
tions must vary strongly in the core region. Thus, a large number of basis
functions are needed to describe this properly. A way to reduce the number
of basis functions is to replace the strong Coulomb potential and the core
electrons by an effective pseudopotential that is much weaker. Then, the va-
lence electrons are represented by pseudo wave functions, which have the same
characteristics as the full electron wave functions outside a specified radius.
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These pseudo wave functions vary smoothly in the core region within the spec-
ified radius. Consequently, fewer basis functions are needed to describe them,
making it possible to construct larger models that contain more atoms. A
well-constructed pseudopotential also reproduces the logarithmic derivative of
the wave function; hence, the phase shift is correct as well. This class of pseudo
wave functions are called norm conserving, meaning that∫ Cut off radius

0
r2R2(r)dr =

∫ Cut off radius

0
r2R2

ps(r)dr, (3.1)

where R(r) is the radial part of the full electron wave function, and Rps(r)
the radial part of the pseudo wave function. This can be achieved by making
the two wave functions identical outside the core region. Construction of
pseudopotentials is a complicated business. For example, there is the question
of how to divide the electrons between the core and valence parts. If too
many electrons are included in the core part, then it makes a very soft
pseudopotential which gives unreliable results. This can be counteracted by
using various gradient corrections of the exchange correlation term in DFT.
However, using harder pseudopotentials, more electrons are treated as valence
electrons which, together with the LDA, turns out to be more efficient, despite
requiring more basis functions. A pseudopotential must always reproduce the
behaviour of the valence electrons. For example, the energy levels must be
the same. One additional benefit with pseudopotentials is that relativistic
effects can be included. This makes it possible to treat heavy atoms.

Next follows a mathematical explanation of pseudopotentials. First, as-
sume that a system of an atom with one valence electron exists. Then, define
the true wave function Ψ as the sum of a smooth wave function ψ, and a sum
over the occupied core states ψi,

Ψ = ψ +

core∑
i

ciψi. (3.2)

This can now be formulated as,

Ψ = ψ −
core∑

i

〈ψi|ψ〉ψi. (3.3)

Since the wave functions are orthogonal to the core states, 〈ψi|Ψ〉 = 0, and
hence ci = −〈ψi|ψ〉. The Hamiltonian then is Ĥ = (�2/2m)∇2 + V̂A, where V̂A
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is the attractive core potential. Introducing this Hamiltonian and equation 3.3
into the Schrödinger equations yields,

Ĥψ −
core∑

i

Ei〈ψi|ψ〉ψi = Eψ − E

core∑
i

〈ψi|ψ〉ψi. (3.4)

This can be rewritten as,

Ĥψ +
core∑

i

(E − Ei)〈ψi|ψ〉ψi = Eψ. (3.5)

If we introduce V̂Rψ =
∑core

i (E − Ei)〈ψi|ψ〉ψiψ, i.e. the short range repulsive
potential we have

(Ĥ + V̂R)ψ = Eψ. (3.6)

Hence, the wave function, is replaced by a pseudo wave function. It must
here be pointed out that E are the eigenvalues of the corresponding true wave
function Ψ. Assuming Ĥ to be separable implies(

�
2

2m
∇2 + V̂A + V̂R

)
ψ =

(
�

2

2m
∇2 + V̂

)
ψ = Eψ, (3.7)

where V̂ is the pseudopotential corresponding to the pseudo wave functions
ψ.

Figure 3.1: Schematic relationship between pseudo and all electron potentials
and their corresponding wave functions.
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The pseudopotential is constructed in such a way that there are no radial nodes
of the pseudo wave function in the core region. The pseudo wave functions
should also be identical to the full electron wave function outside the cut-off
radius. This must also be true for the true potential versus the pseudopoten-
tial. In the next sections our models and some concepts of modelling bulk and
surface properties are presented. In section 4.5 pseudopotential calculations
performed using the AIMPRO package are compared with all-electron calcu-
lation using NWChem. Without the usage of pseudopotentials it would be
impossible to model adsorption on surfaces (Chapter 5) within a reasonable
length of time.

3.1.3 Ab Initio Modelling Program - AIMPRO

The calculations are based on density functional theory in either the local
spin density approximation or, more recently, the generalized gradient ap-
proximation. The program package can model systems either in real-space
(most appropriate when looking at molecular systems such as the molecules
or nanostructures) or in reciprocal space using a large unit cell (most ap-
propriate for bulk materials) [84]. The calculations are fully self-consistent
and can be either all-electron or, as is more commonly the case, they use
a norm-conserving pseudopotential [85]. The wave function is expanded in
a basis of Gaussian orbitals containing arbitrarily high angular momentum
functions. Equilibrium structures are found by an efficient conjugate gradient
algorithm that used an analytic expression to describe the forces on atoms.
Recently, O(n2) and O(n) scaling has been implemented in AIMPRO. This
improvement provides an efficient method to model large atomic systems such
as biochemical molecules and nanostructures. Within the present project, the
program has been developed to work efficiently for surface applications. This
work includes introduction of contracted basis sets and improved algorithms
to speed up convergence for surface applications. The practical upper limit for
atomic clusters is about 1200 atoms on present-day supercomputers. Specific
optimizations are also implemented to exploit mainstream parallel computer
architectures.

3.2 Boundary Conditions for Bulk and Surfaces

The size of model systems is a critical compromise. The model must be suffi-
ciently large to contain the model, but no larger than is necessary to describe
it properly without wasting computer resources. Two classes of models can be
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used to describe bulk and surfaces of atomic systems: clusters and supercells.
Naturally, special considerations apply to each these models, which are dis-
cussed below. Typically, the computational cost is greater for supercells than
for clusters representing model systems of similar size.

3.2.1 Cluster

Atomic cluster type models can be used to model bulk or surface properties.
Clusters are essentially a large molecule cut from a crystal. As mentioned
previously, the size of the model must sufficient to contain the phenomena
being investigated. To counteract the unphysical charge distribution along
the edges, clusters are often saturated with hydrogen atoms on all boundary
sites. This hydrogen termination simulates a continuation of the bulk; hence,
the boundary atoms behave nearly as if they are located within a continuous
crystal. This model is non-periodic, therefore a localized basis must be used
instead of plane waves. This generates a real Hamiltonian matrix and provides
a significant speed up. Although the large number of terminating hydrogen
atoms increases the model size, it is often affordable. The termination of a
cluster is not always done with hydrogen atoms. In the present calculations,
modified hydrogen atoms are used that mimic the effects of a Zn atom with
four adjacent neighbours in the ZnS surface model (see Chapter 5). In some
other cases, atoms such as oxygen are used.

Figure 3.2: A hydrogen terminated germanium cluster containing an intersti-
tial oxygen defect.

3.2.2 Supercells

To model bulk properties using the supercell formalism, a suitable model sys-
tem is constructed, and then repeated periodically ad infinitum in space to
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create a crystal. The size of the supercell must be sufficiently large to avoid
spurious effects caused by interaction of the model system with its images.
This model is well suited for modelling continuous crystals. It is crucial to use
optimized lattice parameters and initial structures, since the periodic nature
of the system means that the volume is usually held fixed. However, auto-
matic optimization of the lattice parameters is a recently included option in
the AIMPRO package. The periodic nature of the supercell formalism lends
itself naturally to the use of Fourier series, i.e. plane waves for the basis sets.
However, basis sets using localized functions constructed in a manner to fulfil
periodic boundary conditions (Bloch’s theorem, see below) can also be em-
ployed. In a crystal the electrons move in a potential V (r) that is periodic
with respect to the dimensions of the supercell. V (r) can be expanded in a
Fourier series:

V (r) =
∑
K

eiKrVK. (3.8)

Since the wave functions are also periodic these can be expanded similarly as

ψ(r) =
∑
q

eiqrCq, (3.9)

where k is the reciprocal vector within the first Brillouin zone, and K the
reciprocal lattice vector. Let q = k + K and substitute these expansions into
the one electron Schrödinger equation, in atomic units. Then,(−∇2/2 + V (r)

)
ψ(r) = Eψ(r), (3.10)

and (
−∇2/2 +

∑
K

eiKrVK

)∑
q

eiqrCq = E
∑
q

eiqrCq. (3.11)

Hence, this equation holds for each vector k in the first Brillouin zone. This
equation can then be solved for each k. The wave functions then take the
form

ψk = eikr

(∑
K

Ck+KeiKr

)
. (3.12)

Thus, the eigenvalues form a continuous spectrum for each k. Notice that the
equation 3.12 is periodic in r, so we may write,

ψk(r) = eikruk(r). (3.13)
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This is one of the formulations of the Bloch theorem. Hence, this expression
allows treatment of the electronic structure in real space by considering only
one lattice cell for each k when suitable boundary conditions are chosen. How-
ever, although uk(r) have the same periodicity as the crystal, ψk(r) do not.
Unfortunately, the introduction of plane waves introduces complex numbers
into the calculations. Hence, this generates Hessian matrices instead of real
symmetric matrices, which contributes to increased computational time.

The Brillouin Zone

The concept of the Brillouin zone was mentioned earlier, but not explained in
any detail. The Brillouin zone is the region in the reciprocal space where all
the eigenstates of the Hamiltonian may be labelled uniquely along k within
any 2π/a range, where a is the lattice parameter describing the supercell. The
first Brillouin zone is the one closest to the origin i.e. −π/a ≤ k ≤ π/a. All
eigenstates are calculated within this region. Fortunately, the wave functions
and eigenvalues of the Hamiltonian vary smoothly over the Brillouin zone, so in
practice only a limited set of points need to be evaluated. Techniques do exist
(not discussed here) to find which points in reciprocal space that contribute
the most, and then perform a selective sampling of the k-space. This sampling
is done over the first Brillouin zone. Notice that when the volume the supercell
VSC is increased the volume of the Brillouin zone VBZ decreases according to
the formula,

VBZ =
(2π)3

VSC
. (3.14)

Thus, for larger systems fewer sampling points (k-points) are needed to de-
scribe the Brillouin zone accurately. The point where k = 0 is known as the
Gamma point. At this point the wave functions can be chosen to be real,
thus selecting this point as a sampling point simplifies and speeds up calcula-
tions. There are other points as well where the expansion becomes real, since
eikr is a periodic function. These points are called high symmetry points.
The Gamma point is simply a special case. Unfortunately, the best sampling
points are seldom one of these.

3.2.3 Surfaces

To construct a model of a surface there are two basic techniques. The first
is simply to construct a cluster and not saturate one of the surfaces. The
other is to construct a supercell containing a slab of material (see Figure 3.3),
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where the surface opposite to the one of interest is hydrogen terminated. The
supercell is repeated periodically in the manner described previously. In the
direction parallel to the surface normal, a longer period is chosen to create a
vacuum above the surface (see Figure 3.4).

Figure 3.3: An example of a (111)-surface ZnS hydrogen terminated super-
cell with 112 atoms. The bounding box of the periodically repetition is also
displayed, notice the vacuum in the direction of the surface normal.

Hydrogen atoms are used, as in the cluster model, to terminate dangling bonds
on the back of the slab, and thus simulate a continuation of the bulk. If clean
surfaces of non-polar crystals are being modelled, then the hydrogen can be
eliminated, thereby generating a model with two surfaces. This method is not
been used in this work. In any case, the vacuum separating the surfaces must
be chosen to be sufficiently large, but not larger than necessary. The accuracy
suffers when the distance is too large accuracy due there being fewer k-points.
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Figure 3.4: A repeated version of a (111)-surface ZnS supercell with heptyl
xanthate adsorbed on it.

3.3 Experimental Methods

In an attempt to validate the calculations a collaboration with experimentalists
was formed. This turned out to a be very helpful strategy providing the group
with new and valuable information by virtue of the complimentary nature of
the work, and allowed conclusions to be drawn which would not been possible
otherwise.

3.3.1 Infrared Spectroscopy

Infrared spectroscopy is one of the most important analytical techniques avail-
able. The main advantage with infrared spectroscopy is that a broad variety
of specimens can be studied such as pastes, liquids, powders, films, fibres,
gases and surfaces. Infrared spectroscopy has been available since the 1940s,
but made its main advance with the development of Fourier Transform In-
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frared (FTIR) spectroscopy. This technique, together with the continuous
development of computer power, dramatically improved the quality of the ex-
periments. Infrared spectroscopy is based on the fact that atomic vibrations
absorb light at resonant frequencies in the infrared spectrum. This spectrum
is commonly obtained by subjecting a specimen to infrared light at a specific
energy and measuring the absorption. The amount of light absorbed corre-
sponds directly to the transition moments. The magnitude of the transition
moment depends on the vibration mode and the atoms and bonds taking part
in the specific mode. By determining the frequency a chemical entity absorbs
infrared light, an assignment of the infrared spectrum is possible.

3.3.2 Raman Spectroscopy

Raman and infrared spectroscopy are closely related since these two techniques
complement each other. A molecule can have Raman active vibrations that
are not infrared active and vice versa. Infrared spectroscopy measures the
variation in the dipole moment whereas Raman spectroscopy measure the
changes in the polarizability of the vibrational mode. Instead of infrared light,
visible light (lasers) are often used in Raman spectroscopy. In the calculations
of vibrational frequencies no distinction is made between Raman and infrared
active modes or both. However, when intensities of vibrational modes are
considered it is always the changes in the dipole moment that is calculated,
hence the infrared intensity.

3.3.3 Attenuated Total Reflection Infrared Spectroscopy

ATR-FTIR is a surface sensitive infrared technique that permits surfaces and
adsorption on surfaces to be studied in great detail. A simplified explanation
of this techniques is as follows. An infrared beam is sent into a crystal at a
specific angle. As it reflects through the crystal the light interacts with matter
at the surface. By using polarized light this technique can also give information
about the orientation of adsorbed species (xanthates) [86]. Numerous articles
have been published [87, 88]. A comprehensive literature survey on ATR-
FTIR can be found in the doctoral thesis of Andreas Fredriksson [89]. One
advantage with ATR-FTIR spectroscopy is the possibility to perform in situ
studies, i.e. direct analysis with the presence of the reaction medium. Much
detailed information is provided by in situ ATR-FTIR, including adsorption
isotherms [90], adsorption kinetics [91, 92], adsorption density [93],structure
of adsorbates [94], and the orientation [95, 96] of adsorbed molecules.

59



3.3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance spectroscopy or NMR spectroscopy, relies on
the fact that different NMR active nuclei, such as 13C, 31P and 1H, have
resonances at specific frequencies in a magnetic field. Depending on the local
chemical environment at the atomic scale, the active atoms possess slightly
different resonant frequencies. The resonance frequencies are also dependent
on the strength of the magnetic field and, therefore, are transformed into
independent values called chemical shifts. Chemical shifts are reported as
the relative shift with respect to a known reference. It is calculated as the
difference in frequencies between the sample and the reference sample divided
by the operation frequency of the magnet. Since the numerator is the order of
Hz, and the denominator is MHz, chemical shifts are often expressed as parts
per million (ppm). Commonly used reference specimens are tetramethylsilane
and PO3−

4 .
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Chapter 4

Theoretical and

Experimental Studies of

Collectors

Collectors are molecules with the ability to change the surface characteristics
of particles. This property is exploited in the flotation process where collec-
tors are added to the pulp to make metal particles hydrophobic and, thereby,
float more easily. In the present chapter some of these collectors are studied
using experimental techniques together with computational methods. One of
the purposes with this investigation, in addition to the studies of collectors
themselves, is the validation of the main surface modelling method, namely
DFT in combination with pseudopotentials. This is done via a thorough in-
vestigation using all-electron calculations, based on DFT and on Hartree-Fock
methods. Experimental techniques such as infrared and Raman spectroscopy
are also used in the investigations.

4.1 Evaluation of Methods and Basis Sets

Selecting the most convenient method and basis sets is crucial for the success
of the calculations. Larger basis sets and higher levels of theory are expected
normally to give better agreement with experimental values, while requiring
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greater computational resources. The construction of the basis sets is impor-
tant. For example, adding polarization functions to a basis set yields better
estimates of quantities, especially bond angles, without drastically increas-
ing the number of basis functions in the set. To aid in the selection of the
most appropriate computational method, trials are conducted using ethyl and
heptyl xanthate and their corresponding sodium/potassium salts as test sub-
jects. Accuracy and computational cost are the main parameters that are
evaluated for this part of the work. During this investigation the NWChem
4.5 program package is used for geometrical optimization, followed by vibra-
tional frequency calculations. The methods used are SCF, MP2, and DFT.
For the DFT calculations two different functionals are employed: the local
density approximation (LDA) and the hybrid functional B3LYP [76] 1. The
LDA functional consists of the Slater exchange [97] and the Vosko-Wilk-Nusir
correlation functional [77]2 (see Section 2.3.5 for a more details). For the SCF
and MP2 calculations ten different basis sets are compared, ranging from the
smallest STO-3G, to the largest 6-311G** [98] (see Table 4.1). The three first
basis sets (Table 4.1) are minimal basis sets. The remainder are split valence
band basis sets, designed by Pople and co-workers. The first number defines
the number of Gaussian orbitals that are used to describe the core. After the
dash, the numbers indicate both how many functions are used to represent
the valence band, and how many Gaussian orbitals these functions are split
into. An asterisk indicates that polarization is included, i.e. a higher order
orbital is added. In the present calculations, so far as is possible, the same
type of basis sets are used to describe all atoms. A 6-311G/6-311G*/6-311G**
basis set for potassium atoms does not exist. Therefore, within the calcula-
tions where 6-311G/6-311G*/6-311G** are used as the main basis sets, the
potassium atom is represented by a 6-31G/6-31G*/6-31G** basis set. The
DFT-specific DZVP, DZVP2, and TZVP basis sets are used for the DFT cal-
culations. Sodium atoms are represented in all DFT calculations by a DZVP
basis set only: basis sets for them of the other two types do not exist. All
basis sets used are described in Table 4.1. For information about basis sets
see the NWChem manual [98].

1B3LYP, a linear combination of several exchange and correlation functionals. This func-
tional is semiempirical and therefor not ab initio in the strict sense of the word.

2Specified in NWChem by the following keywords within the DFT module input directive,
XC slater vwn 5.
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Hydrogen Oxygen Carbon Sulphur Potassium Sodium
Name No. Type No. Type No. Type No. Type No. Type No. Type
STO-3G 1 1s 5 2s1p 5 2s1p 9 3s2p 13 4s3p 9 3s2p

STO-3G* 1 1s 5 2s1p 5 2s1p 15 3s2p1d 15 3s2p1d

STO-6G 1 1s 5 2s1p 5 2s1p 9 3s2p 13 4s3p 9 3s2p

3-21G 2 2s 9 3s2p 9 3s2p 13 4s3p 17 5s4p 13 4s3p

6-31G 2 2s 9 3s2p 9 3s2p 13 4s3p 17 5s4p 13 4s3p

6-31G* 2 2s 15 3s2p1d 15 3s2p1d 19 4s3p1d 23 5s4p1d 19 4s3p1d

6-31G** 5 2s1p 15 3s2p1d 15 3s2p1d 19 4s3p1d 23 5s4p1d 19 4s3p1d

6-311G 3 3s 13 4s3p 13 4s3p 21 6s5p 21 6s5p

6-311G* 3 3s 19 4s3p1d 19 4s3p1d 27 6s5p1d 27 6s5p1d

6-311G** 6 3s1p 19 4s3p1d 19 4s3p1d 27 6s5p1d 27 6s5p1d

DZVP 2 2s 15 3s2p1d 15 3s2p1d 19 4s3p1d 23 5s4p1d 19 4s3p1d

DZVP2 5 2s1p 15 3s2p1d 15 3s2p1d 19 4s3p1d

TZVP 6 3s1p 19 4s3p1d 19 4s3p1d 23 5s4p1d

Table 4.1: Basis sets used, including the number of basis functions and type
of basis function.

4.1.1 Geometrical Structure

Within the SCF calculations, there is a 6◦ difference in the C-O-C angle of
EtX when results obtained with the STO-3G basis set are compared to the
ones obtained using 6-311G**. This difference is in good agreement with the
results found in [99], where the C-O-C angle of dimethyl ether and methyl
formate were modelled, using STO-3G and 3-21G basis sets. The maximum
difference in bond lengths of the EtX anion is 0.072 Å, when the same basis
sets are used, and MP2 is compared with SCF. Today there is no reason to use
the SCF method for such a small system other than for comparison against
previously published materials. Therefore the results of the SCF calculations
will be left out from the rest of the discussion. The aim with this work is to
establish the accuracy of the DFT method and basis sets chosen, most easily
presented in a table (4.2).

Figure 4.1: Ethyl xanthate and potassium ethyl xanthate.
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Figure 4.2: Heptyl xanthate and potassium heptyl xanthate.

As visible in Table 4.2 the differences between the DFT calculations and the
MP2 involving the 6-311G** basis set are less than 0.02 Å. The difference in
bond angles are less than 1.4◦, the H-C-H angle, using the LDA functional.
However, when the hybrid functional is included it is the C-O-C angle which
differs the most, 1.8◦. In [11] gauche configuration of NaEtX were also ana-
lyzed; however, only a small basis set and SCF was employed. This structure
modelled by the MP2 method using a 6-311** basis set in the present work is
estimated to be only 0.02 eV (1.93 kJ/mol) higher in energy than the trans
configuration. The LDA incorrectly predicts that the relative energies of the
EtX ion are in the opposite sense. However, the B3LYP functional gives nearly
the same energies as the MP2 method does. For a more detailed discussion
of the effects of using gradient corrected functionals see [100]. The calculated
geometrical structure of NaEtX and KEtX and the corresponding heptyl xan-
thates show similar results, as those reported above, for the EtX ion. The
calculations show clearly how more sophisticated methods can give more ac-
curate results. An accurate optimized geometry is crucial when secondary
properties such as vibrational frequencies and NMR data is to be computed.
These results indicates that DFT together with the DZVP basis set is a good
choice for geometrical optimization. Such a choice allows fast and accurate
calculations, which is necessary when larger systems are studied.
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Geometry DFT LDA DFT B3LYP
Type Atom Atom Atom Atom DZVP DZVP2 TZVP DZVP DZVP2 TZVP
Distance 1 2 0.01 0.01 0 0.02 0.02 0.02
Distance 1 3 0.01 0.01 0 0.02 0.02 0.02
Distance 1 4 −0.01 0 −0.01 0 0 0
Distance 4 5 −0.01 0 −0.01 0.01 0.01 0.01
Distance 5 6 −0.01 −0.01 −0.02 0.01 0.01 0
Distance 5 7 0.02 0.02 0.02 0.01 0.01 0
Distance 5 8 0.02 0.02 0.02 0.01 0.01 0
Distance 6 9 0.01 0.01 0 0 0 −0.01
Distance 6 10 0.02 0.01 0.01 0.01 0.01 0
Distance 6 11 0.02 0.01 0.01 0.01 0.01 0
Angle 1 4 5 0.4 0.1 0.3 1.8 1.5 1.7
Angle 2 1 3 0.3 0.3 0 −0.1 −0.2 −0.4
Angle 2 1 4 0.4 0.5 0.6 0.1 0.2 0.3
Angle 3 1 4 −0.7 −0.7 −0.6 0 0 0.1
Angle 4 5 6 0.5 0.6 0.8 0.7 0.7 0.8
Angle 4 5 7 −0.4 −0.6 −0.7 −0.2 −0.4 −0.4
Angle 4 5 8 −0.4 −0.6 −0.7 −0.2 −0.4 −0.4
Angle 5 6 9 0.3 0.2 0.2 −0.2 −0.3 −0.3
Angle 5 6 10 0.4 0.3 0.5 0.6 0.4 0.6
Angle 5 6 11 0.4 0.3 0.5 0.6 0.4 0.6
Angle 6 5 7 0.8 1 1.1 −0.1 0.1 0.1
Angle 6 5 8 0.8 1 1.1 −0.1 0.1 0.1
Angle 7 5 8 −1.4 −1.5 −1.7 −0.1 −0.1 −0.3
Angle 9 6 10 −0.3 −0.2 −0.3 −0.4 −0.2 −0.4
Angle 9 6 11 −0.3 −0.2 −0.3 −0.4 −0.2 −0.4
Angle 10 6 11 −0.5 −0.5 −0.6 −0.3 −0.2 −0.3
Torsion 1 4 5 6 0 0 0 0 0 0
Torsion 1 4 5 7 −1.1 −1.3 −1.5 −0.3 −0.4 −0.5
Torsion 1 4 5 8 1.1 1.3 1.5 0.3 0.4 0.5
Torsion 2 1 4 5 0 0 0 0 0 0
Torsion 3 1 4 5 0 0 0 0 0 0
Torsion 4 5 6 9 0 0 0 0 0 0
Torsion 4 5 6 10 0.1 0.1 0.1 −0.2 −0.1 −0.2
Torsion 4 5 6 11 −0.1 −0.1 −0.1 0.2 0.1 0.2
Torsion 7 5 6 9 0.3 0.2 0.2 0.1 −0.1 0
Torsion 7 5 6 10 0.4 0.4 0.3 −0.1 −0.2 −0.2
Torsion 7 5 6 11 0.2 0.1 0.2 0.2 0.1 0.2
Torsion 8 5 6 9 −0.3 −0.2 −0.2 −0.1 0.1 0
Torsion 8 5 6 10 −0.2 −0.1 −0.2 −0.2 −0.1 −0.2
Torsion 8 5 6 11 −0.4 −0.4 −0.3 0.1 0.2 0.2

Table 4.2: Changes in geometry when DFT results are compared with results
obtain using MP2 and the 6-311G** basis set. Negative values indicates a
decrease, see Figure 4.1.

4.1.2 Vibrational Frequencies

Compared with measured vibrational frequencies, there is a 20% deviation
when SCF with the STO-3G basis set is used and compared with experimen-
tal results. This is in agreement with the results reported in [11], using the
same level of theory and basis set. The deviation from experimental frequen-
cies are 17% when MP2 and the three minimal basis sets STO-3G, STO-3G*,
and STO-6G are used to calculate vibrational frequencies. Using the smallest
split valence basis set 3-21G instead, yields vibrational frequencies that deviate
on average by 10% from measured values. No significant increase in accuracy
could be obtained from increasing the size of the basis sets. Using MP2 and
the 6-311G, 6-311G* and the 6-311G** basis sets results in an average devia-
tion of 9, 8.5, and 8%, respectively. Calculations of the optimized geometrical
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structure and vibrational frequencies using MP2 and the 6-311G** basis set
required more than double the length of computer time compared with using
the 6-311G basis set, and ten times more when the 3-21G basis set is used.
Thus, to reduce the average error by 22% requires ten times more computer
time. The usage of DFT not only reduces the computer time needed, but it
also increases the accuracy, especially for vibrational frequencies. Vibrational
frequencies computed with DFT and LDA are within 4% of the experimentally
determined ones regardless of the basis sets used (DZVP/DZVP2/TZVP). The
calculation of the optimized geometry and vibrational frequencies using DFT,
LDA and the DZVP basis sets are more than twenty times faster than when
MP2 are used with the 6-311G** basis set. Calculations on larger complexes
results in even larger differences in execution time. Hence, DFT with LDA
results in vibrational frequencies which are in better agreement with measure-
ments, but in much less computer time. The hybrid B3LYP functional did not
increase the accuracy of the DFT calculations of vibrational frequencies, re-
gardless of basis set used. Therefore, these calculations suggest that DFT with
the LDA is, on balance, the best method for calculating geometrical structure
and vibrational frequencies. However, when comparing complexes which are
very close in energy it may better to use B3LYP or some other gradient cor-
rected functional to resolve energy differences. An example is the trans and
gauche configurations.

4.2 Ethyl and Heptyl Xanthates

Xanthates are widely used as flotation collectors in the sulphide mineral in-
dustry, and have been investigated thoroughly for many decades [1]. Infrared
absorption techniques have been used to study the interaction with sulphide
surfaces [2, 3, 4, 5, 6]. Adsorption of ethyl and octyl xanthates on other sur-
faces such as sulphidized copper, silver, gold, and germanium has also been
studied with infrared techniques [7, 8, 9, 10]. Previous calculations of the
vibrational frequencies of xanthates have been performed using the valence
force field approach [4, 101]. There appears to be only one ab initio calcu-
lation reported of the vibrational frequencies for xanthates [11]. Here, the
Hartree-Fock self consistent field method (SCF) was used. The calculations
of sodium ethyl xanthate reported therein are here also performed employ-
ing more advanced methods, and improved basis sets. Studies of potassium
ethyl xanthate and potassium/sodium heptyl xanthate, which are not included
in [11], are also reported. In the present work both ab initio simulations and
infrared spectroscopy are employed to study ethyl and heptyl xanthate.
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4.2.1 Experimental Methods

The infrared spectra are recorded using a Bruker IFS 66 v/s vacuum FTIR
spectrometer equipped with a liquid nitrogen cooled mercury cadmium tel-
luride (MCT) detector with an operating range 5000 cm-1 to 800 cm-1. In total
40 scans per sample are collected and Fourier transformed at a resolution of
4 cm-1. The samples are analyzed using the transmission infrared method,
and the xanthate powder (0.3-1% by weight of the sample) is mixed with KBr
and pressed into a disc. A pure KBr disc is taken as the background (400
scans). The samples of potassium ethyl/heptyl xanthate (KEtX/KHepX) and
sodium heptyl xanthate (NaHepX) are prepared according to standard syn-
thesis procedures from KOH/NaOH, CS2 and ethyl/heptyl alcohol [1]. High
purity xanthates are obtained by recrystallization from acetone/ether and ace-
tone/benzene. Cheminova supplied the sodium ethyl xanthate (NaEtX).

4.2.2 Calculations

During this investigation the NWChem 4.5 program package is used for geo-
metrical optimization, followed by vibrational frequency calculations. The
investigation made in the previous section (4.1) indicated that DFT is best
suited as main computational method together with the DZVP basis set. As
functionals both the standard LDA and the hybrid B3LYP are used, discussed
in the previous section 4.1. To aid the assignments of the vibrational modes,
animated images of the atomic displacements together with analysis of the po-
tential energy distributions are made. The assignments based on animations
of vibrational modes (presented in Table 4.4 to 4.9).

4.2.3 Results and Discussion

Geometrical Structure

As presented in previous section, see Section 4.1, there are small differences
in geometry at the present level of theory (DFT and LDA together with the
DZVP basis set). Table 4.3 below shows the results of the geometrical op-
timization. The metal ion is placed, as shown in Figure 4.1, in the S-C-S
plane at a fairly large and symmetrical distance from the two sulphur atoms.
Potassium has a larger ionic radius, and thereby, a larger distance (3.31 Å)
to the carbon atom C1 in Figure 4.1. Sodium, however, has a smaller radius
and its metal atom lies at a distance of 2.84 Å from the carbon atom, C1.
Hence, bond angles involving the metal atom differs with ∼ 5◦ when NaEtX
and KEtX are compared. Surprisingly, the S-C-S bond angle is affected little
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by the presence of the metal ion. It increases by 0.04◦ when a potassium atom
is added to an ethyl xanthate ion. However, the angle decreases by −0.90◦ for
the sodium salt. Details of the geometrical structures are given in Tables 4.13
and 4.12, where the results obtained using pseudopotentials are compared with
ones using the B3LYP functional and the DZVP and 6-311G(2d, 2p) basis sets.

Vibrational Analysis of Ethyl Xanthate and its Metal Complexes

The calculated vibrational modes are found to involve the metal ion for fre-
quencies in the 600–0 cm-1band. Vibrations involving deformation and stretch-
ing of the S-C-S group also affects bonds between the metal ion and its neigh-
bours; however, the amplitudes of the modes are very small. Only a few of the
modes include movements of the sulphur atoms. In most cases where the CS2

entity is involved, it is mainly the carbon atom that moves. Experimental re-
sults under 800 cm-1 are not given due to the limitations of the MCT-detector.
Four spectra of xanthates (potassium/sodium ethyl/heptyl xanthate) covering
different bands are shown in Figures 4.3, 4.4, 4.5 and 4.6. In the 1200-1000 cm-1

band there is a shift of the two experimentally determined modes at 1167 cm-1

of NaEtX spectrum. These lines appear as low intensity peaks at 1174 cm-1 in
the KEtX spectrum. The calculations reveal the latter to be an asymmetric
stretching of the C-O-C and CS2 bonds. This shift is clearly dependent on
the metal complex. A shift (30-35 cm-1) in the 3200-2800 cm-1 band of the
calculated vibrational spectrum occurs when the molecule contains a metal
atom (Na, K). The difference between the two metal complexes KEtX and
NaEtX in this band is only about 5-9 cm-1. Here, the lower vibrational fre-
quencies are associated with the potassium complex. However, the opposite
shift is observed in experiments. NaEtX possesses a characteristic vibrational
mode at 3079 cm-1 (Table 4.6, LDA calculations) that is different from the
ones found in EtX and KEtX. One of the two out of plane H atoms in the
CH3 group is passive, while the in-plane H atom contributes to the vibrational
mode. The in-plane H atom of the CH3 group is passive in the vibrational
mode found at 3077 cm-1 (Table 4.5, LDA calculations). The presence of a
potassium atom in the molecule has a greater effect on the order of the vibra-
tional modes than a sodium atom. To understand fully how a distant metal
ion affects the C-H bonds, further studies must be performed. The vibrational
frequencies and their assignments are presented in Table 4.4-4.9. The abbre-
viations used in these tables are defined in section 2.4.5. Only results from
the DFT calculations are given, since these are in best agreement with the
measured values.
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Geometry DFT LDA DZVP
Type Atom 1 Atom 2 Atom 3 Atom 4 EtX KEtX NaEtX

Stretch 1 2 1.69 1.70 1.71
Stretch 1 3 1.70 1.71 1.71
Stretch 1 4 1.38 1.34 1.34
Stretch 4 5 1.41 1.43 1.43
Stretch 5 6 1.51 1.50 1.50
Stretch 5 7 1.11 1.11 1.11
Stretch 5 8 1.11 1.11 1.11
Stretch 6 9 1.11 1.10 1.10
Stretch 6 10 1.11 1.10 1.10
Stretch 6 11 1.11 1.10 1.10
Stretch 1 12 3.31 2.84
Stretch 2 12 2.98 2.58
Stretch 3 12 3.01 2.60

Bend 1 4 5 118.77 119.81 119.72
Bend 2 1 3 128.60 128.64 127.69
Bend 2 1 4 112.76 112.52 112.98
Bend 3 1 4 118.65 118.85 119.33
Bend 4 5 6 106.60 106.85 106.99
Bend 4 5 7 110.04 109.12 108.97
Bend 4 5 8 110.04 109.12 108.98
Bend 5 6 9 110.65 110.04 109.92
Bend 5 6 10 110.69 110.92 110.97
Bend 5 6 11 110.69 110.93 110.98
Bend 6 5 7 112.28 112.51 112.50
Bend 6 5 8 112.28 112.52 112.50
Bend 7 5 8 105.63 106.68 106.85
Bend 9 6 10 108.47 108.33 108.33
Bend 9 6 11 108.47 108.33 108.33
Bend 10 6 11 107.77 108.20 108.23
Bend 1 2 12 85.27 80.27
Bend 1 3 12 84.35 79.45
Bend 1 12 2 30.84 36.28
Bend 1 12 3 30.90 36.31
Bend 2 12 3 61.74 72.58
Bend 2 1 12 63.89 63.45
Bend 3 1 12 64.75 64.25

Torsion 1 4 5 6 180.00 −179.74 179.97
Torsion 1 4 5 7 58.00 58.37 58.10
Torsion 1 4 5 8 −58.00 −57.83 −58.16
Torsion 2 1 4 5 180.00 179.88 180.00
Torsion 3 1 4 5 0.00 −0.12 0.01
Torsion 4 5 6 9 180.00 −179.99 180.00
Torsion 4 5 6 10 −59.72 −60.13 −60.19
Torsion 4 5 6 11 59.73 60.15 60.19
Torsion 7 5 6 9 −59.43 −60.25 −60.37
Torsion 7 5 6 10 60.86 59.60 59.44
Torsion 7 5 6 11 −179.71 179.88 179.82
Torsion 8 5 6 9 59.43 60.28 60.36
Torsion 8 5 6 10 179.71 −179.86 −179.83
Torsion 8 5 6 11 −60.86 −59.58 −59.45
Torsion 1 2 12 3 −0.11 0.23
Torsion 1 3 12 2 0.11 −0.23
Torsion 2 1 3 12 −0.21 0.43
Torsion 2 1 12 3 179.82 −179.62
Torsion 2 12 1 3 −179.82 179.62
Torsion 2 12 4 5 179.98 179.80
Torsion 4 1 2 12 −179.79 179.59
Torsion 3 1 2 12 0.21 −0.43
Torsion 3 12 4 5 −0.38 0.50
Torsion 4 1 3 12 179.79 −179.59
Torsion 4 5 1 12 −179.57 179.20

Table 4.3: Optimized geometrical data of the ethyl xanthate anion and its
potassium/sodium salts. See Figure 4.1 for correct atom labels.
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Figure 4.3: Experimental infrared spectra of sodium and potassium ethyl xan-
thate 1500-750 cm-1 band. Experimental peak positions are indicated.
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Experimental DFT LDA DFT B3LYP
Valli [4] DZVP DZVP Assignments

263 269 CH3 twist
293 292 CS2 def

399 381 386 OCC CS2 OCS bending
450.25 455 448 COC def

492
614 557 566 OCS2 out of plane wag
660 657 652 CS2 sym stretch OCC def CH3 CH2 wag
807 771 813 CH3 CH2 rock
868 885 891 CH3 wag CS2 sym stretch and def

1016 1021 1009 O-CS2 CC asym stretch CS2 def
1042.75 1071 1065 CS2 asym stretch OCC def CH3 wag

1115 1091 COC asym stretch CS2 def
1065 1123 CH2 rock

1085.5 1149 OCC COC sym CS2 asymstretch
1108.5 1140 OCC COC sym CS2 asymstretch

1065 1174 CH2 rock
1209 1278 CH2 twist

1113.25 1291 1372 CH3 sym def CH2 wag
1173 1345 1415 CH3 sym def CH2 wag

1417 1497 CH3 asym def and twist
1430 1508 CH3 sym def CH2 def
1452 1528 CH3 asym def CH2 def

2893.5 2939 CH2 sym stretch
3029 CH3 sym stretch

2960 CH3 sym stretch
2893.5 3046 CH2 sym stretch

2981 3089 CH2 asym stretch
2933 3054 3105 CH3 asym stretch

3060 3126 CH3 CH2 asym stretch no in plane CH3 stretch

Table 4.4: Experimental and calculated frequencies of ethyl xanthate and their
corresponding assignments.

DFT LDA DFT B3LYP
Experimental DZVP DZVP Assignments

214 209 KS2 asym stretch COC def
257 266 CH3 twist
321 316 KS2 sym stretch CS2 COC def
390 393 CH3 wag CCC def
456 447 COC KS2 def CS2 asym stretch
563 571 OCS2 out of plane bend
648 646 CS2 sym stretch CS2 COC OCC def CH3 wag

814 786 828 CH3 CH2 rock
863 888 892 OCC sym stretch CH3 wag

1006 1043 1021 OCC CS2 asym stretch CH2 wag
1051 1051 1039 CS2 OCC asym stretch COC def
1119 1121 1175 CH2 CH3 rock
1141 1126 1140 CH3 wag OCC def and sym stretch
1174 1211 1184 COC asym CS2 sym stretch CH2 wag

1236 1300 CH2 twist
1316 1391 CH2 wag CH3 sym def

1381 1365 1438 CH3 sym def CH2 wag
1440 1422 1503 CH3 twist CH3 asym def
1440 1430 1509 CH2 CH3 def CH3 in plane bending
1463 1450 1529 CH2 CH3 def CH3 in plane bending
2870 2965 CH3 sym stretch
2889 3048 CH2 sym stretch
2889 2978 3071 CH2 sym stretch
2952 3015 3120 CH2 asym stretch
2970 3077 3129 CH3 sym stretch in plane stretch out of phase
2971 3077 3142 CH3 asym stretch no in plane stretch

Table 4.5: Experimental and calculated frequencies of potassium ethyl xan-
thate and their corresponding assignments.
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DFT LDA DFT B3LYP
Experimental DZVP DZVP Assignments

219 217 NaS2 sym stretch
247 240 NaS2 asym stretch COC def
258 262 CH3 CH2 rock
336 332 NaS2 sym stretch CS2 def
392 396 CS2 OCC def CH3 wag
453 447 COC NaS2 def CS2 sym stretch
564 572 OCS2 out of plane bend
649 642 OCC def CS2 sym stretch CH3 wag

811 788 822 CH3 CH2 rock
853 895 885 CH3 wag OCC CS2 sym stretch

1007 1034 1028 CH3 CH2 wag CS2 OCC asym COC sym stretch
1049 1053 1038 OCC CS2 asym stretch
1095 1123 CH3 CH2 rock
1141 1143 CH3 wag OCC COC sym CS2 asym stretch
1153 1126 CH3 wag OCC COC sym CS2 asym stretch

1173 CH3 CH2 rock
1167 1227 1210 COC asym CS2 sym stretch CH2 wag

1240 1300 CH2 twist CH3 rock
1367 1318 1393 CH3 sym def CH2 wag
1383 1369 1432 CH3 sym def CH2 wag CC stretch
1444 1426 1500 CH3 asym def and twist
1444 1433 1508 CH3 def H IP bending CH2 def
1464 1458 1525 CH3 def H IP bending CH2 def
2891 2967 CH2 sym stretch
2867 3052 CH3 sym stretch
2867 2981 CH3 sym stretch
2891 3076 CH2 sym stretch
2932 3016 CH2 asym stretch
2932 3127 CH2 CH3 asym stretch no in plane CH3 stretch
2954 3079 3136 CH3 asym stretch one out of plane stretch
2976 3081 CH3 asym stretch
2976 3151 CH2 CH3 asym stretch no in plane CH3 stretch

Table 4.6: Experimental and calculated frequencies of sodium ethyl xanthate
and their corresponding assignments.

Vibrational Analysis of Heptyl Xanthate and its Metal Complexes

The vibrational spectrum of HepX near 3000 cm-1 is of special interest, since
it can be used to estimate the tilt angle of a surfactant adsorbed on a surface.
Adsorption and orientations of xanthates on ZnS surfaces have been studied
using FTIR spectroscopy [2, 3]. In Table 4.7, 4.8 and 4.9 the calculated in-
tensities are included. The DFT calculations using the B3LYP functional,
are not shown, since the LDA results are closer to the experimental results.
Henceforth, only results from DFT calculations using LDA and DZVP basis
set will be discussed. The dominant vibrational mode at 2964 cm-1 in the
KHepX spectrum (Table 4.8) originates mainly from symmetric stretching of
the second CH2 group. The hydrocarbon chain is numbered starting from the
CH2 entity closest to the head group and outwards. The second most intense
vibrational mode at 3001 cm-1 (Table 4.8) originates from asymmetric stretch-
ing of the last two CH2 entities. Analysis of the vibrations reveals that it is the
second and the last two CH2 entities which are responsible for the majority
of the infrared absorption in the spectrum near 3000 cm-1. In the spectrum of
KHepX, the mode at 2959 cm-1 is assigned as symmetric stretching of the CH3
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group (Table 4.8). There is one vibrational mode where the hydrogen atom in
the plane of symmetry is stretched out of phase (3055 cm-1, Table 4.8). The
CH3 asymmetric stretching mode at 3041 cm-1 involves only the two H atoms
which are not in the plane of symmetry. A HepX ion has five modes involving
CH3 in the spectrum near 3000 cm-1 (Table 4.7). The line at 3045 cm-1 is
assigned to an asymmetric CH3 stretching mode. The frequencies 2950, 2956,
and 2957 cm-1 are assigned to symmetric stretching of CH3 with different com-
binations of symmetric stretching of the second and the last CH2 entities. The
vibration frequency of HepX at 3052 cm-1 is assigned to symmetric C-H stretch-
ing of the CH3 group. Vibrational modes including the second and the last
two CH2 groups possess the strongest infrared activity, as previously stated
for KHepX. A similar metal dependent frequency shift occurs as does for EtX.
The infrared spectrum of NaHepX near 3000 cm-1 shows slightly higher vi-
brational frequencies than the spectrum of KHepX does. The symmetric and
asymmetric C-H stretching mode is degenerate and splits into several modes
that can be classified individually by analysis of the model, but not the exper-
imental results. Infrared spectra of xanthates have previously been published
by others (e.g. Little et al. [102], and Poling [103]). The experimental infrared
spectra of the xanthates (KEtX/NaEtX and KHepX/NaHepX) have strong
peaks in similar mid-infrared bands: 3000-2800 cm-1 and 1480-1360 cm-1 (CH
modes), and 1260-1000 cm-1 (xanthate characteristic peaks). There are weak
absorption lines at 1611 and 1622 cm-1 in the experimental spectra of the
heptyl xanthates. These peaks are probably due to an unidentified reaction
product. The most likely candidate appears to be either a C=O mode for a
COOH group, or a COO− group. Furthermore, these peaks do not occur in the
model, implying that they do not originate from the xanthate molecule. This
clearly shows the benefits of combining modelling with experimental studies.
The observed spectra of the ethyl xanthates are in good agreement with earlier
published examples [102, 103], where it was concluded that the strong peaks
between 1180-1140 cm-1, and near 1050 cm-1, involve stretching of the C-O-C
and CS2 entities, respectively [11, 103]. This conclusion is supported by the
present calculations.
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Figure 4.5: Experimental infrared spectra of sodium and potassium heptyl
xanthate 1650-700 cm-1 band. Experimental peak positions are indicated.
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Figure 4.6: Experimental infrared spectra of sodium and potassium heptyl
xanthate 3050-2750 cm-1 band. Experimental peak positions are indicated.
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DFT LDA DZVP
Frequency Intensity Assignments

230 0.960 CH2 CH3 wag
244 0.088 CH3 sym twist
325 1.422 CS2 def S moving CCC def
349 0.211 CS2 CCC def CH2 CH3 wag
426 3.024 CCC def
457 0.569 CCC asym def
515 4.654 COC CCC def
557 0.030 O-C-S2 C out of plane bend
667 1.737 CS2 stretch C moves CS2 OCC def
713 8.685 CH2 rock
722 0.062 CH2 rock
746 1.454 CH2 rock little twist
803 0.452 CH2 rock and twist
886 6.757 CH3 wag
888 0.166 CH2 CH3 twist
976 0.310 CH2 asym twist
996 152.667 CS2 def CS2 COC stretch S2 fixed

1025 27.634 CC CS2 COC stretch
1049 36.172 CC stretch CH2 wag
1056 19.708 CC stretch CH2 wag
1078 17.692 CC stretch CH2 wag
1081 4.350 CH2 wag third CCC asym stretch
1105 199.244 CS2 asym stretch S2 fixed COC def CH2 sym wag
1120 485.083 CS2 COC asym stretch S2 fixed COC def CH2 wag
1137 0.574 CH2 rock with small twist
1145 99.567 CS2 asym stretch COC CCC def
1167 0.391 CH2 twist
1173 37.506 CH2 2-4 wag
1203 0.003 CH2 1 twist 4-5 less CH2 3 asym stretch
1217 2.177 CH2 wag
1229 1.636 CH2 1, 2, 5, 6 twist
1254 0.154 CH2 2, 3, 6 twist
1266 0.051 CH2 4, 5 twist
1272 0.975 CH2 wag
1274 1.007 CH2 3 − 6 wag
1319 2.605 CH2 wag CH3 sym def
1346 5.355 CH3 sym def CH2 wag
1359 5.187 CH2 wag CH3 sym def
1369 0.035 CH2 wag each side in phase
1414 0.302 CH2 2, 4, 5 def
1416 0.865 CH2 3, 4, 6 def
1420 0.211 CH2 1, 2, 5, 6 def
1427 0.554 CH2 1, 3, 6def CH3 asym def
1435 9.543 CH3 asym def and twist
1436 7.231 CH3 asym def and twist CH2 def
1444 5.047 CH2 1-4 def CH3 def no in plane bend
1447 25.641 CH2 sym def on each side no in plane CH3 bend
2925 18.553 CH2 1 sym stretch
2928 2.009 CH2 4, 5 sym stretch
2932 0.391 CH2 3, 5 sym stretch out of phase
2940 24.736 CH2 3, 4 sym stretch out of phase
2950 23.843 CH2 6 and CH3 sym stretch
2956 21.209 CH2 2 and CH3 sym stretch
2957 101.405 CH2 2, 6 and CH3 sym stretch
2962 17.761 CH2 1 asym stretch
2965 0.024 CH2 4, 5 asym stretch
2977 0.278 CH2 3, 5 asym stretch
2992 5.262 CH2 4, 6 asym stretch
3005 47.092 CH2 5, 6 asym stretch
3015 78.236 CH2 2 asym stretch
3045 38.502 CH3 asym stretch no in plane stretch
3052 35.105 CH3 sym stretch in plane out of phase

Table 4.7: Calculated frequencies and infrared intensities of heptyl xanthate
and their corresponding assignments.
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Experimental DFT LDA DZVP
Frequency Frequency Intensity Assignments

218 24.655 KS2 sym stretch rest of molecule spring
245 0.307 CH2 CH3 wag KS2 asym stretch
249 0.181 CH3 sym twist no def
339 5.854 CS2 def KS2 asym stretch S moving CCC def
359 0.697 KS2 asym stretch CS2 CCC def CH2 CH3 wag
427 8.315 CCC COC def CS2 sym stretch
464 4.369 CCC def
511 8.966 COC CCC SCO def
564 0.774 OCS2 C out of plane bend
656 2.152 CS2 sym stretch COC def 2 CH2 wag
736 0.540 CH2 rock
737 14.964 CH2 3, 4, 5, 6 rock
764 14.606 CH2 CH3 rock in plane H of CH3 fixed
813 0.510 CH3 twist and rock
893 6.730 CH3 wag
895 0.990 out of phase CH2 CH3 twist
979 0.652 CH2 twist sym on each side

942 997 16.620 COC CS2 asym stretch S fixed
1027 8.330 CCC stretch
1046 36.229 CCC stretch CH2 wag

1030 1053 151.034 CS2 asym stretch S fixed 2 CH2 wag
1066 36.439 CCC CS2 asym stretch S fixed
1075 6.721 CH2 2, 3, 4, 5, 6 sym wag on each side

1041 1088 116.670 CS2 CC asym stretch S fixed COC def CH2 wag
1058 1136 63.508 CCC COC def CCC sym CS2 asym stretch S fixed
1092 1137 6.681 CH2 rock first CH2 also twist
1112 1170 1.337 CH2 CH3 rock

1182 33.701 CH2 CH3 wag
1162 1213 612.152 CS2 sym COC asym stretch CS2 def S fixed

1214 23.403 CH2 1, 2, 4, 5, 6 twist CH2 2 rock CH3 rock
1234 1.179 CH2 out of phase wag
1247 0.011 CH2 1, 2, 4, 5 in phase twist 6 out of phase
1260 0.010 CH2 2, 3, 5, 6 in phase twist
1272 0.226 CH2 4, 5 in phase twist 2 out of phase
1280 0.168 CH2 3, 4 in phase twist and 5, 6 out of phase
1296 2.554 CH2 out of phase wag CH3 sym def
1343 1.847 CH2 out of phase wag CH3 sym def

1379 1363 9.766 CH3 sym def CH2 6 wag
1374 0.811 CH2 4, 5, 6 sym wag
1389 0.761 CH2 1, 2, 3, 4 sym wag
1419 0.150 CH2 1, 2, 4, 5 def
1421 0.157 CH2 3, 4, 5, 6 def
1425 0.564 CH2 sym def
1432 0.527 CH2 3, 5 and CH3 sym def in plane H out of phase

1460 1442 10.554 CH3 asym def and twist
1460 1443 11.008 CH3 asym def and twist

1453 1.970 CH2 def CH3 asym def in plane H out of phase
1470 1457 55.188 CH2 sym def on each side
2874 2930 2.432 CH2 3, 4 in phase sym stretch
2874 2932 2.231 CH2 3, 4, 5 sym stretch 4, 5 out of phase
2874 2941 10.080 CH2 3, 4 sym stretch
2874 2947 5.634 CH2 1 sym stretch
2874 2950 48.655 CH2 6 sym stretch
2853 2959 39.472 CH3 sym stretch
2874 2964 64.935 CH2 2 sym stretch
2915 2967 0.922 CH2 4, 5 asym stretch
2915 2977 0.104 CH2 3, 5 asym stretch
2915 2991 8.463 CH2 4, 6 asym stretch
2915 2995 2.720 CH2 1 asym stretch
2915 3001 59.819 CH2 5, 6 asym stretch
2915 3023 48.777 CH2 2 asym stretch
2927 3041 40.563 CH3 asym stretch no in plane stretch
2957 3055 26.553 CH3 asym stretch in plane out of phase

Table 4.8: Experimental and calculated frequencies of potassium heptyl xan-
thate and their assignments together with calculated infrared intensities.
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Experimental DFT LDA DZVP
Frequency Frequency Intensity Assignments

205 9.901 All CH-chain wag NaS2 asym stretch
244 0.001 CH3 twist
249 19.395 NaS2 asym stretch CH-chain wag
262 16.424 NaS2 asym stretch CH-chain wag
343 7.786 All CH-chain wag sym NaS2 stretch
369 4.820 NaS2 sym stretch CCC def
430 4.976 CCC def
461 3.767 CCC def CH2 wag
511 11.182 CCC COC def CH2 wag
564 0.911 O-C-S2 C out of plane bend
656 1.937 CS2 sym stretch CH2 COC def 2 CH2 wag
721 10.670 CH2 rock
727 0.102 CH2 rock small twist
754 4.462 CH2 rock small twist
810 0.321 CH2 rock small twist
893 0.481 CH2 rock and twist
894 6.501 CH3 wag
979 0.454 CH2 twist

930 994 8.125 COC CS2 asym stretch S fixed
1033 0.828 CCC stretch

1043 1046 108.566 CCC stretch CH2 wag CS2 asym stretch S fixed
1059 1055 95.696 CCC stretch CH2 wag CS2 asym stretch S fixed

1074 23.394 CCC stretch CH2 wag
1081 4.487 CH2¡ 2,3,4,5,6 sym wag one each side
1093 83.092 CH2 wag

1112 1136 0.796 CH2 sym rock
1141 52.851 CCC sym def COC def CS2 asym stretch
1168 1.197 CH2 CH3 sym twist on each side
1181 21.480 CH2 CH3 wag
1214 0.478 CH2 1,2,4,5,6 twist CH2 3 rock CH3 rock

1164 1229 257.854 CH2 wag COC asym CS2 sym stretch S fixed
1164 1238 363.992 CH2 wag COC asym CS2 sym stretch S fixed

1248 0.025 CH2 1,2,4,5 in phase twist 6 out of phase
1260 0.000 CH2 2,3,5,6 in phase twist
1272 0.155 CH2 4,5 in phase twist 2 out of phase
1281 0.469 CH2 3,4 and 5,6 pairwise in phase twist

1381 1292 15.957 CH2 out of phase wag CH3 sym def
1381 1338 1.709 CH2 out of phase wag CH3 sym def
1381 1361 9.478 CH3 sym def CH2 6 wag

1370 1.683 CH2 1,2,4,5,6 sym wag CH3 sym def
1381 1.517 CH2 1,3,5 and 2,4 pairwise in phase wag
1417 0.015 CH2 1,2,4,5 def
1418 0.135 CH2 3,4,5,6 def
1423 0.425 CH2 sym def
1429 0.135 CH2 1,3,4 and CH3 def in plane H out of phase

1460 1436 8.188 CH3 asym def and twist
1460 1437 3.546 CH2 def CH3 asym def in plane H out of phase
1470 1447 4.822 CH2 1,2,3,4,6 def CH3 def in plane H out of phase
1470 1449 32.845 CH2 sym def on each side

2930 1.792 CH2 4,5 in phase sym stretch
2934 0.086 CH2 3,4,5 sym stretch 3,4 in phase
2941 16.836 CH2 3,4 and 4,5 pairwise sym stretch

2854 2951 33.374 CH2 6 CH3 sym stretch
2952 4.137 CH2 1 sym stretch

2854 2960 49.244 CH3 sym stretch
2872 2968 32.359 CH2 2 sym stretch

2969 0.994 CH2 3,4,5,6 asym stretch 3,6 less
2980 0.104 CH2 3,4,5,6 asym stretch 4,6 less
2996 6.264 CH2 1,2,3,4,6 asym stretch
3002 4.567 CH2 1 asym stretch

2918 3008 50.896 CH2 1,3,4,5,6 asym stretch 1,3 less
2918 3030 43.206 CH2 2 asym stretch
2927 3047 38.294 CH3 asym stretch no in plane stretch
2957 3057 27.553 CH3 sym stretch in plane out of phase

Table 4.9: Experimental and calculated frequencies of sodium heptyl xanthate
and their assignments together with calculated infrared intensities.
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4.2.4 Summary

The optimized geometrical structure and vibrational frequencies calculated
with DFT reproduces known, measured parameters well. Compared with ex-
perimental data, vibrational frequencies calculated using DFT deviate with
about 4%, while results obtained using MP2 deviate with about 8%. The
hybrid functional B3LYP does not increase the accuracy of the calculated vi-
brational frequencies. However, when the gauche and trans configurations are
calculated, it is necessary to use the B3LYP functional to obtain the correct
ordering of the energy for the ethyl xanthate anion. The optimized geometrical
structures computed with DFT, both using LDA and the B3LYP functional
are in good agreement with the ones computed using MP2 and the 6-311G**
basis set. The present work shows that DFT modelling in combination with
experimental studies is an efficient approach, which will be used further.

4.3 Dibutyldithiophosphates

Dialkyldithiophosphates (DTP), [(RO)2PS2]
− are used in many different in-

dustrial applications, e.g. as insecticides and pesticides [104], or for fabrication
of nanoclusters [105, 106]. The main usage for the ionic salts of DTP is as
a collector in the froth flotation of sulfide minerals [107], but they have also
been proposed as chelating agents for heavy metal ions to clean water from
contaminants [108]. Different Metal DTP complexes are used as antiwear and
antioxidant additives in motor oils [106, 109, 110]. The versatility of appli-
cations of DTPs, as well as their ability to combine with metal ions into a
variety of coordination complexes, have led to a large interest in their struc-
ture and the factors governing the properties of the DTP complexes. The
crystal structure of a wide range of Metal DTPs has been determined by
single-crystal X-ray diffraction, and also studied with various other spectro-
scopic techniques [111, 112, 113]. Larsson et al. have published a work about
correlations between 31P chemical shift tensors and structural parameters in
a number of Metal DTP complexes as well as on a dimethyldithiophosphate
fragment, combining ab initio calculations with experimental 31P CP/MAS
NMR [114], and Billes et al. recently published a work about the potassium di-
ethyldithiophosphate combining computer simulations vibrational modes with
experimental IR studies [115]. In recent years the interest for theoretical stud-
ies of DTP has increased, especially in the field of tribology, and has led to
numerous articles trying to describe the molecular properties and behaviour
of Zinc DTP [109, 116, 117]. In order to explain the functions and properties
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of DTP in its different applications, a fundamental understanding of DTP on
a molecular level is needed. In this work the dibutyldithiophosphate anion
(DBDTP) and its potassium salt (KDBDTP) are studied using both compu-
tational methods (DFT) as well as experimental techniques such as infrared
and Raman spectroscopy together with solid state 31P CP/MAS NMR, and
the results of the DFT calculations of optimized geometries, vibrational fre-
quencies, and 31P chemical shift tensors are presented and compared with
experimental results.

4.3.1 Experimental Methods

The potassium dithiophosphate salt used was of high purity, and delivered by
Cheminova Agro AS, under the name Danafloat 145. The diffuse reflectance
infrared analysis was performed using a Bruker 66 v/S spectrometer under
low pressure ( 1 mBar). The infrared instrument was equipped with a DTGS
detector allowing analysis down to 400 cm-1. To avoid any spectral artifacts,
which can occur in regions of high absorptivity, the solid sample was diluted
in a non-absorbing matrix (KBr powder). The weight ratio between sample
and KBr was between 1 and 5 mg of sample to ∼ 300 mg of KBr. Raman
spectra were recorded on a NIR FT-Raman 1700X instrument (energy =
200-600 mV) equipped with a DTGS (deuterated triglycine sulfate) detector,
and with standard laboratory equipment for powder analysis. Also in these
measurements the samples were mixed with KBr. Infrared transmission
spectra were recorded on a Bruker 66v/s spectrometer equipped with a DTGS
detector and under low pressure ( 1 mBar). A vacuum cell (6 μm spacers,
Viton gaskets and CaF2 windows) was used for the sample. The concentration
of DBDTP was < 0.05 M, and by the use of CaF2 as an infrared transmitting
window material, a spectrum in region above 1000 cm-1 was generated (CaF2

cuts the energy at approximately 1000 cm-1). The infrared absorption was
affected by the strongly absorbing solvent (water), which was subtracted from
the sample spectrum using a spectrum of the pure solvent. This was made to
achieve a flat baseline in the spectral regions of interest.

Solid state 31P CP/MAS NMR measurements were performed on a
Chemagnetics/Varian Infinity CMX-360 spectrometer (B0 = 8.46 T) [114].
The isotropic chemical shift (in the deshielding δ-scale) was given with respect
to 85% H3PO4 (0 ppm) which was mounted in a short capillary glass tube
(∅ 1 mm) and placed in a 7.5 mm rotor to minimize errors due to differences
in magnetic susceptibility. Simulations of the 31P chemical shift anisotropy
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(CSA) parameters were performed [114] in a Mathematica-based program
developed by Levitt and co-workers [118]. The input file to the program
consists of the experimental sideband intensities, the experimental spinning
frequency, the Larmor frequency, and the experimental noise variance. The
program plots the χ2-statistics as a function of the two CSA parameters δaniso

and η, with a minimum at certain values of these two parameters. Sideband
intensities were measured with the deconvolution method by using the inbuilt
”Spinsight” spectrometer software. Values of δaniso and η from simulations at
two different spinning frequencies were obtained, their mean value and mean
statistical errors were calculated [114]. The principal values of the chemical
shift tensor, δ11, δ22 and δ33, were recalculated from δaniso and η according to
the following equations:

δiso = (δxx + δyy + δzz)/3 (4.1)

δaniso = δzz − δiso (4.2)

η = (δyy − δxx)/δaniso (4.3)

δxx, δyy and δzz are defined according to |δzz − δiso| ≥ |δxx − δiso| ≥ |δyy −
δiso| [118]. The parameters span (Ω), and skew (κ), are also used to describe
the tensors, with the following definitions [119]:

Ω = δ11 − δ33 = σ33 − σ11 (4.4)

κ = 3(δ22 − δiso)/Ω = 3(σiso − σ22)/Ω (4.5)

with δ11 ≥ δ22 ≥ δ33 in the deshielding δ-scale, and σ33 ≥ σ22 ≥ σ11 in the
shielding σ-scale. The confidence intervals of the chemical shift tensor parame-
ters were calculated with the partial derivative method, using the confidence
intervals of δaniso and η.

4.3.2 Calculations

Density functional theory and the NWChem 4.7 program were used for geo-
metrical optimization and calculation of the vibrational frequencies and inten-
sities for the DBDTP anion and the KDBDTP salt. Furthermore, the absolute
shielding of the 31P nuclei was calculated for KDBDTP and presented in the
shielding scale (σ), whereas the experimentally determined tensor is relative to
the shielding of a reference nucleus, and reported in the deshielding scale (δ).
To simplify the comparison between experimental and calculated data, the
DFT tensor parameters have been converted to the deshielding scale, but not
adjusted to the same relative scale as the experimental data. Both DBDTP
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and KDBDTP have a number of different conformation of its hydrocarbon
chains. Jiang et al calculated the optimized geometrical structures and vibra-
tional frequencies of the dimethyl-DTP anion [109] and suggested three stable
conformations of the OMe-chains. These three structures all have the PS2 -
plane orthogonal to the PO2 -plane. The difference here is in the rotation
around the P-O bond making the three molecules belong to either the C2v,
C2 or C1 symmetry group. After a geometrical optimization, the OMe-chains
were prolonged to ethyl chains by replacing a hydrogen atom on each chain
with a CH3 group. Now the structures were geometrically optimized again.
The procedure of adding CH3 groups at the end of the hydrocarbon chains
was repeated three times until butyl chains were achieved. At each step, if
possible, the highest possible symmetry was maintained. From the original
potassium methyldithiophosphate with C2v symmetry four KDBDTP mole-
cules with C2 symmetry were analyzed plus one preserving the C2v symmetry.
Starting with the potassium methyldithiophosphate with C2 symmetry fifteen
KDBDTP molecules with maintained symmetry were constructed. In both
these two cases redundant structures were not considered. Unfortunately such
a reduction of numbers could not be performed when potassium methyldithio-
phosphate with C1 symmetry was used as a starting point. Hence, a total
of 135 KDBDTP molecules of C1 symmetry were constructed and geometri-
cally optimized, all of them just differing in the geometry of their hydrocarbon
chains. In all of these preliminary calculations the applied basis set was DZVP
together with the B3LYP functional [76]. From each of the originating three
symmetry groups three most energetically preferable structures were selected.
Hence, three groups with different rotation of the P-O bond, each with three
structures. These final geometrical structures were then checked for conver-
gence by means of the 6-311++G(2d, 2p) basis set [98]. The initial structures
of the DBDTP anion were obtained from these nine optimized conformation
by the removal of the potassium atom and then geometrically optimized using
the 6-311++G(2d, 2p) basis set. All results presented below are calculated
using this basis set together with the B3LYP functional. In all calculations
the KDBDTP was modelled as a neutral molecule whereas DBDTP possesses
a charge −1. From the final calculation six optimal structures were obtained,
referred to as A1, A2 and A3 for the anions and S1, S2, and S3 for the salt. S1
is the salt corresponding to the A1 anion S2 to A2 and so forth, see Figure 4.7
and 4.8. These three conformations are chosen since they are the three with
lowest total energy and they represent the three variations of the torsion of
the P-O bond found. To visualize the discrete calculated vibrational frequen-
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cies and their corresponding infrared intensities as a spectrum the following
formula

f(x) =

n∑
k=1

αie
−β(x−γi)

2
,

was used. In this formula αi (peak height) is the infrared intensity associated
with the i:th vibrational frequency, β a scale factor to determine the width of
each Gaussian function, here set to 0.03, and γi is the ith vibrational frequency.

4.3.3 Results and Discussion

Geometry of the KDBDTP Salt

In Figure 4.7, the three low energy conformations of the KDBDTP salt are
shown. The torsion angles of the O-C bonds with respect to the O-P-O plane
are 65.3◦ and 179.6◦ for the S1 and S2 conformations respectively, whereas the
torsion angles of the left and right conformation of S3 are 64.2◦ and 178.2◦.
The K-S distances are 2.99 and 2.98 Å for the S1 and S2 conformations. These
distances are 2.99 and 2.98 Å for the S3 conformation. The S3 conformation
was found to have lowest total energy in contrast to the DBDTP anion where
the A2 conformation is the optimal. S1 and S2 have 0.49 and 0.60 kcal mol−1

higher energy than S3, respectively. The same phenomena was noticed when
the Zn(SH)[(MeO)2PS2] was studied by Jiang et al [109]. There exist sev-
eral low energy conformations due to the small energy differences between the
various conformations of the hydrocarbon chain. Here, only the three con-
formation with different torsion angles of the O-C bonds with respect to the
O-P-O plane are presented. The reason is simply that they will effect the
NMR results the most due to its close proximity to the phosphor atom.

Geometry of the DBDTP Anion

The three geometrically optimized conformations of the DBDTP anion are
shown in Figure 4.8. The torsion angles of the O-C bonds with respect to the
O-P-O plane are for the A1 conformation both 67.5◦, but 179.4◦ for the A2
conformation. The A3 conformation have 68.7◦ and 178.5◦ as torsion angles.
The conformations of the dimethyl-DTP anion with a torsion angle of 180◦

about the P-O bond was reported to be the energetically optimal [109]. This
conformation is analogous to our A2, which is found to be the most stable
structure of DBDTP reported here, Figure 4.8. The A3 and A1 conformations
have 0.15 and 0.95 kcal mol−1 higher energy than A2, respectively. The two
conformations of dimethyl-DTP [109] corresponding to our A3 and A1 were
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S 1 S 2 S 3

Figure 4.7: Two views of the three low energy conformations of the KDBDTP
salt, S1-S3.

found in their calculations to have 0.17 kcal mol−1 and 0.62 kcal mol−1 higher
energy than A2, respectively.

Changes in Geometry

We noticed changes in the geometrical structure due to the presence of the
potassium ion. The P-O bond lengths of S1 and S2 are decreased by 0.036,
0.034 Å with respect to the A1 and A2 conformations. The A3→S3 has, due
to its antisymmetry, two different changes of its P-O bond lengths, 0.031 and
0.038 Å, where the latter value refers to the side where the O-C bond lies within
the O-P-O plane. The S-P bond lengths increases by 0.023 Å for the A1→S1
and A2→S2 transformations and by 0.022 and 0.023 Å for A3→S3. All other
bond lengths changes with less than 0.02 Å. The same pattern of increased
S-P bond lengths was found in [109] where a Zn atom was introduced to form
the Zn(SH)[(MeO)2PS2] compound. The O-P-O angle is increased by 3.48◦,
2.29◦ and 3.00◦ when potassium is added to A1, A2 and A3. The S-P-S angle
is closest to and directly affected by the K ion. The difference in this angle
was calculated to decrease by 3.19◦, 3.06◦ and 3.16◦ for the A1→S1, A2→S2
and A3→S3 transformations, respectively. The difference in this angle was
calculate to 3.6◦ in [115] compared with 3.19◦ obtained here. In addition to
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S 1 S 2 S 3

Figure 4.8: Two views of the three low energy conformations of DBDTP anion,
A1-A3.

the previously mentioned angles the only one which is significantly effected by
the presence of the potassium atom is the P-O-C angle, which increases by
2.3◦ for the A2→S2. In the A3→S3 transformation it is only the P-O-C angle
perpendicular to the PS2 plane which is affected, increased by 2.07◦. All other
changes are less than 0.8◦.

Methyl and Methylene Vibrational Modes

Figure 4.9 shows the hydrocarbon (CH3/CH2) stretching region between 3100
and 2800 cm-1of the DBDTP anion and the KDBDTP salt. The spectra of the
three different geometrical conformations of the hydrocarbon chains have been
paired together for easier comparison. In this region the anion shows lower
computed vibrational frequencies than the corresponding KDBDTP by about
0.5%. This indicates that the hydrocarbon chains are only marginally influ-
enced by the presence of the metal atom. There exists no absolute relations
between the intensities of the different spectra. The experimental spectrum of
the DBDTP anion is effected by the water solution making it more difficult to
see the effects of the metal ion, see Figure 4.10. The differences between the
computed and the measured vibrational frequencies are less than 5%, which
is normal for these kinds of calculations [15]. Hellström et al showed that
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vibrational frequencies often are overestimated by 5% when computed with
DFT using the DZVP basis set together with the B3LYP functional [15]. This
overestimation is a consequence of the method and often corrected by applying
a scale factor. This approach is not applied here. All vibrational frequencies
reported within this work are unscaled. Although the vibrational frequencies
are unscaled, they are in good agreement with experimental results. Notice
that in this region a 30 cm-1 shift represents a difference of about 1%.

The Spectral Region 1200-500 cm-1

In our investigations we have concentrated on the 1200-500 cm-1 region since
its more influenced by the presence of a metal ion. Classifications of the vi-
brational modes are shown in Table 4.10. The spectra shown in Figure 4.11
and 4.12 consists of experimental IR and Raman as well as the three com-
puted spectra. The three low energy conformations are so close in energy that
the best representation of the ”real” spectrum is probably an average of the
individual spectra. Even so, we chose to report them separately for a more
detailed discussion. The assignments in Table 4.10 are made using the follow-
ing acronyms deformation (def), rocking (rock) wagging (wag) and twisting
(twist). Since the two hydrocarbon chains are twisted differently around the
P-O axis in the A3 and S3 conformations, the vibrational frequencies often
appear in pairs that are close in vibrational frequencies but have different vi-
brational modes assigned to them. Often just one of the hydrocarbon chains
(α and β in Table 4.10) contributes to the vibrational intensity whereas the
other is passive. In Table 4.10 α and β refers to the left and right hydro-
carbon chains respectively of A3 and S3, see Figure 4.7 and 4.8. In many of
the vibrational modes both hydrocarbon chains are either vibrating in phase,
all corresponding CH2 entities in the two chains vibrates symmetrically with
respect to each other, or out of phase, where the CH2 entities in the two chains
vibrates asymmetric with respect to each other. This is marked in Table 4.10
as CH-chains in/out of phase. These also appear as pairs close in frequency
(1-15 cm-1). Comparing the anion and the potassium salt there are only small
shifts, less than 12 cm-1, in the 1200-900 cm-1 region. However, the effects of the
metal atom in the 900-500 cm-1 region is significant. In almost all cases modes
are shifted about 15 cm-1. However, the asymmetric P-O and P-S stretching
modes around 650 cm-1 are shifted downwards by 15 cm-1 when the potassium
is introduced. In the Raman spectrum of KDBDTP, Figure 4.12, one can
notice a high intensity band at 547 cm-1 which in the computed spectra are
classified to consist of P-S and P-O stretches.
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Figure 4.9: Computed vibrational spectra of the A1-A3 and S1-S3 geometrical
conformations, the 3100-2800 cm-1 region. 6-311++G(2d, 2p) was used as basis
set together with the B3LYP functional.
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Figure 4.10: Experimental IR and Raman spectra of DBDTP and KDBDTP,
the 3150-2800 cm-1 region.
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A1 A2 A3 S1 S2 S3 Assignments
575 537 550 575 532 547 P-S, P-O sym stretch CH2 rock

542 542 P-S, P-O asym stretch CH2 rock
670 647 666 650 620 641 P-S, P-O asym stretch
711 726 CH2, CH3 rock P-O, P-S sym stretch
723 717 737 734 CH2, CH3 rock P-O asym stretch
768 738 782 743 CH2, CH3 rock P-O, P-S sym stretch
770 770 795 788 CH2, CH3 rock P-O asym stretch

786 807 CH2, CH3 rock P-O, P-S sym stretch
714 736 α CH2, CH3 rock P-O asym stretch
727 739 β CH2, CH3 rock P-O asym stretch
769 789 α CH2, CH3 rock, twist P-O, C-O asym stretch
778 795 β CH2, CH3 rock P-O asym stretch

836 838 838 840 CH2, CH3 rock C-C stretch CH-chains out of phase
836 838 838 840 CH2, CH3 rock C-C stretch CH-chains in phase

839 838 β CH2, CH3 rock C-C stretch
841 839 α CH2, CH3 rock C-C stretch
879 895 α CH2, CH3 twist, rock P-O asym stretch
888 900 β CH2, CH3 twist, rock P-O asym stretch

877 881 894 899 CH2, CH3 twist, rock P-O asym stretch
877 881 895 899 CH2, CH3 twist, rock P-O asym stretch
880 886 894 902 CH2, CH3 twist, rock P-O sym stretch
970 968 971 968 973 973 CH2, CH3 twist, rock P-O C-O asym C-C stretch
970 975 972 978 CH2, CH3 twist, rock P-O C-O sym C-C stretch

977 982 CH2, CH3 wag C-C stretch CH-chains in phase
978 983 979 986 CH2, CH3 twist, rock
979 988 980 995 CH2, CH3 twist, rock

980 982 CH2, CH3 twist, rock β dominant
986 988 CH2, CH3 twist, rock α dominant

1028 1029 1029 1025 1027 1024 C-C stretch P-O, C-O asym stretch CH3 wag
1029 1036 1034 1027 1039 1032 C-C stretch P-O, C-O sym stretch CH3 wag
1067 1076 1070 1062 1067 1063 C-C, C-O asym stretch CH2 wag
1073 1097 1085 1066 1088 1073 C-C asym C-O sym stretch CH2 wag
1138 1039 C-C asym C-O sym stretch CH2 wag
1138 1040 C-C, C-O asym stretch CH2 wag

1138 1139 C-C stretch CH2 CH3 rock
1142 1141 C-C stretch CH2 CH3 rock

1139 1138 β C-C stretch CH2 CH3 wag
1141 1140 α C-C stretch CH2 CH3 wag

1174 1974 1172 1975 CH2 rock CH-chains in phase
1174 1974 1173 1975 CH2 rock CH-chains out of phase

1174 1173 β CH2 CH3 rock
1174 1174 α CH2 CH3 rock

Table 4.10: Calculated frequencies of DBDTP and KDBDTP and their corre-
sponding assignments. 6-311++G(2d, 2p) was used as basis set together with
the B3LYP functional.

31P Chemical Shift Anisotropy Analysis

The experimental 31P CP/MAS NMR data of the KDBDTP salt are presented
in Table 4.11 together with the results from the DFT calculations. To simplify
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Structure δaniso η Ω κ δxx δyy δzz δiso
ppm ppm ppm ppm ppm ppm

S1 -110.2 0.02 166.2 0.98 -60.0 -61.9 -226.3 -116.1
S2 -88.9 0.57 158.4 0.37 -50.2 -100.5 -208.6 -119.8
S3 -108.03 0.34 180.2 0.60 -48.2 -84.6 -228.4 -120.4
Average -102.4 0.31 168.3 0.65 -52.83 -82.3 -221.1 -118.8
Experimental −106 0.2 168 0.8 Not directly comparable
Experimental error ±4 ±0.2 ±9 ±0.3

Table 4.11: Calculated and experimental 31P chemical shift/shielding tensor
parameters of the KDBDTP salt. DZVP was used as basis set together with
the B3LYP functional.

the comparison between experimental and calculated data, the DFT tensor
parameters have been converted to the deshielding scale, but not adjusted to
the same relative scale as the experimental data. The conformations S1-S3
represent the potassium salt of the DTP in solid state and the 31P chemical
shift tensor parameters of these can be compared with the experimental NMR
results of the KDBDTP. The experimental and computed properties are in
good agreement, but neither of the three conformations give a best fit with
the experimental values. However, the energy differences between the S1-S3
conformations are small so it is possible to have transitions between them if the
energy barrier is not too large. Such a chemical exchange process would lead
to signal averaging of the NMR spectrum, if the exchange process is fast on an
NMR timescale [120]. In that case, instead of three signals representing each
of the conformations, only one signal is seen, which for symmetrical exchange
is positioned at the mean chemical shift of the three signals. To investigate
this possibility, the mean values of the chemical shift parameters of S1-S3
were calculated. The computed values are well within the experimental error,
which makes it reasonable to suggest that there is a symmetrical fast exchange
between the conformations. The NMR computations presented in Table 4.11
are computed using the DZVP basis set. The obtained NMR properties were
checked for convergence using the larger 6-311G** basis set which resulted in
computed NMR parameters which were close to the ones found using DZVP.

4.3.4 Summary

DFT calculations and IR, Raman, and NMR experiments are used to inves-
tigate the properties of both the dibutyldithiophosphate anion and its potas-
sium salt. Three geometrical conformations are considered. Geometrical data
such as bond lengths and bond angles are presented. Regarding the vibra-
tional properties both the anion and the salt have similar features in the
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methyl/methylene region around 3000 cm-1. A shift of about 15 cm-1 in the
850-700 cm-1 region due to the presence of the metal ion is found. Further-
more, almost all modes in the region of 1050-750 cm-1 are combinations of
both stretching of the P-O/S-P bonds as well as wagging, deformation, and
rocking of the entities within the hydrocarbon chain. This work clearly shows
the strengths of combining DFT modelling and experimental investigations in
the interpretation of experimental results. The investigated conformations is
a good test of new methods, basis sets or pseudopotentials since the different
conformations are very close in total energy.

4.4 Zinc Dialkyldithiophosphates

Zinc dialkyldithiophosphates (ZnDTP), or more formally Zn{(RO)2PS2}2, are
widely incorporated in lubricant formulations as antioxidant and antiwear ad-
ditives [109, 116, 121]. The crystal structures of ZnDTP were studied by Ito
and Lawton et al. in 1969 [122, 123]. ZnDTPs were also studied by Larsson et
al. in [114]. Adsorption of DTPs at mineral surfaces have been studied exper-
imentally using attenuated total reflection infrared spectroscopy [3]. Theoret-
ical studies of zinc dialkyldithiophosphate complexes are thought to be very
valuable for the interpretation of the infrared spectra of adsorbed dithiophos-
phates on ZnS surfaces [115]. The goal with this work is to use computational
tools together with experiments to understand further the ZnDTP complexes.

4.4.1 Experimental Methods

Zn-(butyl-DTP)2 is obtained by precipitation of KDBDTP and ZnSO4 dis-
solved in water. The obtained precipitate is dissolved in ether to separate the
solution. Water is then removed and the ether vapourized. The remaining
Zn-(butyl-DTP)2 oil is put on a KBr disc, which is analyzed by transmission
FTIR.

4.4.2 Calculations

An all electron method, as done in the previous section 4.3, is no longer a feasi-
ble method due to the increase number of atoms. DFT calculations of the opti-
mized geometry and the vibrational frequencies are therefore performed using
AIMPRO featuring pseudopotentials, see section 3.1.3. The initial ZnDTP
structures are constructed using two methyl DTP together with a central Zn
atom. In section 4.3 it is shown that three geometrical conformations A1, A2
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and A3 are nearly degenerate ground states. The structures are created by
forming all combinations of these three conformations. The individual DTPs
are then rotated, with respect to each other around the P-Zn-P axis in steps
of 45◦. Symmetry reduces the number of unique initial structures. Four con-
formations exist for each for the ZnDTPs except for the asymmetric A3 where
there are eight. Thus, in total 28 initial structures are generated and opti-
mized. Regardless of the initial rotation around the P-Zn-P axis all of the
initial six conformations spontaneously return to the same conformation of
the PS2 − Zn − PS2 group. These have the PS2 planes perpendicular to each
other. The resulting lowest energy conformation is depicted in Figure 4.13.

Figure 4.13: The optimized geometry of the lowest energy conformation of
Zn-(methyl-DTP)2.

However, using NMR studies [114] it is suggested that a complex with
two Zn atoms and four DTPs is a more probable structure. Therefore,
with the knowledge from the initial study of Zn-(methyl-DTP)2 the larger
Zn2-(methyl-DTP)4 are constructed. The methyl-DTP forms two terminal
and two bridging bonds to the two Zinc atoms, see Figure 4.14. Different
configurations of the aloxy group were tested. We used the three configu-
rations suggested in section 4.3. The combinations of these configurations
were done in pairs, i.e the pair of methyl-DTP which had the same bonding
(terminal or bridging) are always of the same type. This yielded nine plus
one combinations, one extra due to the antisymmetric configuration of one
molecule. Each of these ten configurations have two possible conformation of
their terminal bonded methyl-DTPs, hence a total of twenty structures. All
these structures were geometrically optimized with respect to energy. The
final results is shown in Figure 4.14. In addition to Zn-(methyl-DTP)2 and
Zn2-(methyl-DTP)4 Zn-(butyl-DTP)2 is also studied. Zn-(butyl-DTP)2 is a
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oily liquid and not a salt, it is therefore probable that it will consist of a equi-
librium of states, involving both one and two or more Zn atoms. However,
only the molecules containing one Zn atom are studied herein. The initial
Zn-(butyl-DTP)2 structures are constructed by forming all combinations of
three conformations suggested in section 4.3.

4.4.3 Results and Discussion

Geometrical Structure

The relative total energies of the five Zn-(methyl-DTP)2 conformations with
respect to the optimal one are 1.28, 1.41, 2.61, 5.68, and 9.78 kcal mol−1.
The energy span between the optimal Zn2-(methyl-DTP)4 conformation
and the second in order is only 0.32 kcal mol−1, hence almost degen-
erated states. The third in place has 5.17 kcal mol−1 higher energy.
Multiplication of the Zn-(methyl-DTP)2 total energies by two simulates
two such molecules at infinite distance, hence a system comparable with
Zn2-(methyl-DTP)4. The energetically most preferable configuration of
Zn2-(methyl-DTP)4 has 20.18 kcal mol−1 lower energy than the optimum
structure of two Zn-(methyl-DTP)2. Even though this investigation does not
include any molecular-molecular interaction, which occurs in a real salt, it in-
dicates Zn2-(methyl-DTP)4 to be a more probable conformation. Figure 4.14
includes some geometrical details of the optimal structure. The lowest energy

Figure 4.14: The energetically optimized Zn2-(methyl-DTP)4 molecule, some
key angles and distances (Å) are indicated.
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configuration of Zn2-(methyl-DTP)4 is taken next as the starting point for
investigations into suggested precursors [116] of molecular species occurring
in lubricant films. Essentially, one sulphur and oxygen atoms swap places
within the same DTP group of the Zn2-(methyl-DTP)4 structure. When an
oxygen and a sulphur atom are exchanged in this way, the energy penalty is
as little as 2.87 kcal mol−1. Hence, the penalty is less than most of the various
configurations of CH3 investigated previously. Another molecule studied is
Fe2-(methyl-DTP)4, where the zinc atoms of the optimal Zn2-(methyl-DTP)4

are replaced by iron atoms. This structure is found to be stable and the
subject of an ongoing investigation. The lowest energy conformations of
Zn-(butyl-DTP)2 is A1-Zn-A2 with a energy difference of 0.61 kcal mol−1 to
the next conformation, A2-Zn-A2, see Section 4.3. It is clear from resulting
geometries that the bond lengths of the head group are not influenced by the
different conformations of the hydrocarbon chains, i.e. the rotation along the
O-C bond. The bond angles indicates that the upper DBDTP is not influenced
by the conformation of the lower one or vice versa. As noticed in the previous
investigation, Section 4.3. it is the O-P-O and O-P-S angles which are mostly
influenced by the change of configuration. The S-P-S angle is calculated to
105.2◦ for the A2 part of the optimal structure and to 107.8◦ for its A1 part.

Vibrational Modes

The dominant peaks in the 3100–2900 cm-1 band of the Zn2-(methyl-DTP)4

spectrum is due to symmetric and asymmetric stretching of the CH3 groups.
The 2900–1450 cm-1 band does not contain any high intensity modes. Several
of the high intensity lines between 1450 and 500 cm-1 are not resolved. In the
spectrum of Zn2-(methyl-DTP)4, the modes occur at 1406 cm-1 and 1383 cm-1,
which are identified as deformation vibrations of the CH3 groups. The band
located at 1167 cm-1 is a P-O/P-S symmetric stretching mode. The high in-
tensity line at 1134 cm-1 in the spectrum is identified as a combination of both
CH3 twisting and PO2 wagging. P-O asymmetric stretching modes are respon-
sible for the peak at 746 cm-1. The spectrum of Zn-(butyl-DTP)2 have similar
features as the spectrum of Zn2-(methyl-DTP)4. However when compared to
the experimentally obtained one the results indicate something is missing in
the 1000–500 band. It can be so that binuclear complex of Zn-(butyl-DTP)2
is preferable and such a structure would generate infrared absorption in this
band. On the other hand the binuclear methyl-DTP cluster does not show any
significant contribution in this band either. Zn-ethyl-DTP however is known
to form polymeric structures, which can be the case also here. One should bear
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in mind that the Zn-(butyl-DTP)2 is a liquid and therefore all of these states
will be in equilibrium . This is an ongoing investigation and, therefore, these
ideas remain speculative at present. In Figure 4.16 the contributions from
the seven Zn-(butyl-DTP)2 conformations have been superpositioned into one
spectrum.

50010001500200025003000

Figure 4.15: Computed infrared spectrum of the optimal Zn2-(methyl-DTP)4

conformation.

50010001500200025003000

Experimental spectra

Computed spectra

Figure 4.16: Experimental and superpositioned computed spectra of
Zn-(butyl-DTP)2 in the 3200–400 cm-1 band.
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4.4.4 Summary

Several different geometrical conformations of the ZnDTP complex as well
as some suggested precursors are investigated with density functional the-
ory. Geometrical data, such as bond lengths and bond angles of the head
group, are presented. Zn2-(methyl-DTP)4 is suggested to be a more likely
configuration than Zn-(methyl-DTP)2. Some key vibrational properties in the
1500–500 cm-1 band are discussed. The model complexes are at the upper
limit of what is presently feasible to calculate with DFT and the full potential
approach therefore pseudopotential are used here.

4.5 Validation of Pseudopotentials Method

To validate the pseudopotential method, the previous calculations are now
repeated, starting from the same initial structures, then the new results are
compared with the first ones, and the experimental observations. For this
part of the work, both cluster and supercell formalisms are employed by the
AIMPRO program package. A box of 15× 25× 15 Å is used for the supercell
calculations. Thus, the smallest distance between a molecule and its image
in a neighbouring cell at the closest point is 10.25 Å. This is sufficient to en-
sure that spurious interactions are negligible. The results of these calculations
are shown in Table 4.14 and 4.15. Scale factors are provided for convenient
comparison between methods. The experimental vibrational frequencies in
Table 4.14 and 4.15 have been published previously [15]; however, they are re-
produced here as a reference to facilitate comparisons among methods. Using
pseudopotentials and the cluster method, the optimized geometrical structure
and all vibrational frequencies of the eleven-atom ethyl xanthate molecule can
be calculated 13.4 times faster than an all electron potential DFT calculation
with NWChem using LDA and DZVP as basis set of the same system. In-
cluding the B3LYP functional results in a 17 times longer total computational
time. When using both B3LYP and the larger 6-311G++(2d, 2p) basis set the
calculations take over 15 hours on a machine that has about double the per-
formance of the standard one. A MP2 all-electron calculation with NWChem
on the same hardware is 21 times slower than the corresponding DFT calcula-
tion [15]. Compared with this, DFT in combination with pseudopotentials is
about 280 times faster yet achieves similar accuracy. DFT calculations of the
optimized geometry and vibrational frequencies of the 27-atom HepX molecule
using pseudopotentials are about 22 times faster than an all-electron poten-
tial calculation. The details of the KHepX and HepX calculations are not
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reported since they are at the same level of accuracy as the reported results of
the smaller ethyl xanthate and its related potassium salt. Without pseudopo-
tentials, modelling adsorption on surfaces would not be possible, or at least
much more time consuming. When the supercell formalism is employed, the
cell size must not be too small, otherwise spurious interactions may occur.
However, balanced against this is the cost of using a larger box: computa-
tional resources are then wasted on basis functions that describe only empty
space without improving the result. For example, when the cell size is half the
standard one described previously (i.e. 7.5×12.5×7.5 Å) a typical calculation
takes only one third of the time; however, the result is unsatisfactory.

4.5.1 Geometrical Structure

The details of the optimized structures from the calculations using pseudopo-
tentials of both EtX and KEtX are presented in Table 4.13 and 4.12. Within
these tables the numbering of the atoms corresponds to the ones given in
Figure 4.1. When these results are compared with the optimized geometry
computed by NWChem using the DZVP basis set, and the B3LYP functional,
the largest difference in bond lengths is less than 0.027 Å for the EtX anion.
In Table 4.13 (where the geometrical structures of EtX are presented) the
largest difference between the optimized geometry obtained using pseudopo-
tentials and the all electron potential model are 0.0198, 0.0188 and 0.0124 Å
for the Γ-point, 14 k-point, and the cluster calculations, respectively. Here, the
even larger basis set 6-311++G(2d, 2p) and the hybrid B3LYP functional was
used. However, for the bond lengths of the KEtX head group, the pseudopo-
tential method underestimates the K-S bonds by 0.12 Å. In contrast, when
the DZVP basis set and B3LYP functional are used these bonds are overesti-
mated by 0.1 Å. Clearly, these bonds are difficult to model correctly due to
their relatively long lengths (2.96–2.99 Å). To obtain equally good results for
all-electron calculations compared with pseudopotential ones it is often neces-
sary to use larger basis sets, since pseudopotentials simplify the description of
the chemically inactive atomic core without compromising the description of
the valence electrons. However, the 6-311++G(2d, 2p) basis set is not feasible
to use for larger molecules due to its size: even KEtX which is a relatively
small molecule requires 291 basis functions. To optimize its structure and
calculate the vibrational frequencies takes over 41 hours. When the results
obtained using pseudopotentials are compared with the all-electron ones using
DZVP, the largest differences in bond angles are 1.57◦, 1.76◦, and 1.64◦ for the
Γ-point, 14 k-point, and the cluster calculations, respectively (see Table 4.13).
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AIMPRO with pseudopotentials NWChem B3LYP
Type Bond centres γ-point 14 k-point cluster DZVP 6-311G++(2d, 2p)
Stretch 1 2 1.71 1.71 1.72 1.72 1.71
Stretch 1 3 1.71 1.71 1.72 1.72 1.72
Stretch 1 4 1.33 1.33 1.33 1.35 1.34
Stretch 1 12 3.16 3.16 3.19 3.42 3.31
Stretch 2 12 2.84 2.85 2.86 3.07 2.96
Stretch 3 12 2.87 2.86 2.88 3.08 2.99
Stretch 4 5 1.43 1.43 1.44 1.45 1.45
Stretch 5 6 1.50 1.49 1.50 1.52 1.51
Stretch 5 7 1.11 1.10 1.10 1.09 1.09
Stretch 5 8 1.11 1.10 1.10 1.09 1.09
Stretch 6 9 1.10 1.10 1.10 1.10 1.09
Stretch 6 10 1.10 1.10 1.10 1.09 1.09
Stretch 6 11 1.10 1.10 1.10 1.09 1.09
Bend 1 2 12 84.01 83.92 84.48 86.33 85.95
Bend 1 3 12 83.03 83.32 83.62 85.73 85.02
Bend 1 4 5 120.09 120.04 119.31 121.24 121.25
Bend 1 12 2 32.53 32.47 32.37 30.11 31.01
Bend 1 12 3 32.53 32.53 32.41 30.17 31.06
Bend 2 1 3 127.90 127.77 127.13 127.67 126.96
Bend 2 1 4 112.87 113.30 113.53 112.56 113.00
Bend 2 1 12 63.46 63.61 63.16 63.56 63.04
Bend 2 12 3 65.06 65.00 64.77 60.28 62.07
Bend 3 1 4 119.23 118.94 119.34 119.77 120.05
Bend 3 1 12 64.44 64.16 63.97 64.11 63.92
Bend 4 5 6 106.81 106.63 106.32 106.84 106.95
Bend 4 5 7 108.59 108.91 108.75 109.09 108.81
Bend 4 5 8 108.63 108.90 108.83 109.09 108.81
Bend 5 6 9 109.79 110.14 110.19 109.60 109.56
Bend 5 6 10 110.72 110.82 110.30 110.98 111.03
Bend 5 6 11 110.73 110.84 110.24 110.98 111.03
Bend 6 5 7 112.93 112.88 112.76 111.99 112.17
Bend 6 5 8 112.93 112.87 112.89 111.99 112.17
Bend 7 5 8 106.83 106.57 107.19 107.79 107.85
Bend 9 6 10 108.62 108.41 108.82 108.43 108.38
Bend 9 6 11 108.61 108.41 108.79 108.43 108.38
Bend 10 6 11 108.31 108.13 108.45 108.34 108.39
Torsion 1 2 12 3 −0.19 −0.16 −0.35 −0.10 0.00
Torsion 1 3 12 2 0.19 0.16 0.35 0.10 0.00
Torsion 1 4 5 6 -179.43 −179.47 179.75 179.97 180.00
Torsion 1 4 5 7 58.50 58.44 58.07 58.73 58.63
Torsion 1 4 5 8 −57.34 −57.40 −58.38 −58.78 −58.63
Torsion 2 1 3 12 −0.35 −0.31 −0.65 −0.20 0.00
Torsion 2 1 4 5 179.48 179.49 −179.97 179.99 180.00
Torsion 2 1 12 3 179.69 179.73 179.42 179.83 180.00
Torsion 2 12 1 3 −179.69 −179.73 −179.42 −179.83 180.00
Torsion 2 12 1 4 179.58 179.62 −179.65 2.89 180.00
Torsion 3 1 2 12 −179.75 −179.69 −179.35 0.20 180.00
Torsion 3 1 4 5 0.36 0.31 0.66 0.00 0.00
Torsion 3 12 1 4 −0.62 −0.51 0.02 −177.29 0.00
Torsion 4 1 2 12 −0.93 −0.90 −0.77 −179.79 0.00
Torsion 4 1 3 12 179.76 179.70 179.35 179.79 180.00
Torsion 4 5 6 9 −179.68 −179.70 −179.96 180.00 180.00
Torsion 4 5 6 10 −59.76 −59.74 −59.8 −60.27 −60.33
Torsion 4 5 6 11 60.39 60.33 59.95 60.26 60.33
Torsion 5 4 1 12 −179.44 −179.36 −178.78 177.19 180.00
Torsion 7 5 6 9 −60.38 −60.16 −60.88 −60.61 −60.78
Torsion 7 5 6 10 59.54 59.81 59.29 59.12 58.89
Torsion 7 5 6 11 179.69 179.88 179.03 179.65 179.55
Torsion 8 5 6 9 60.97 60.77 60.78 60.62 60.78
Torsion 8 5 6 10 −179.11 −179.27 −179.05 −179.65 −179.55
Torsion 8 5 6 11 −58.95 −59.20 −59.31 −59.12 −58.89

Table 4.12: Structure properties of potassium ethyl xanthate, bond lengths
presented in Å and angles in degrees.

The differences with respect to the 6-311++G(2d, 2p) basis set, (Table 4.13)
are 1.54◦, 1.73◦, and 1.84◦ for the Γ-point, 14 k-point, and the cluster calcu-
lations, respectively. The difference in torsion angles between the calculations
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using pseudopotentials and the ones obtained with the 6-311++G(2d, 2p) ba-
sis set are all less than 1.5◦ for both the anion and the salt. The relatively
large size of the supercell (15× 25× 15 Å) means that is little or no difference
between using only the Γ-point, or increasing the sample grid to 14 k-points
in the Brillouin zone. Essentially, all k-points in reciprocal space of a large
supercell are near the centre of the Brillouin zone; hence, it does not matter
whether 1, 4, or 14 k-points are used since they approximately are the same
point. Using 4 k-points and a box of 7.5×12.5×7.5 Å will result in a difference
less than 0.35 Å in bond length and 0.9◦ in bond angle between the cluster
and the molecule in a box calculation of ethyl xanthate. This difference is less
than 0.03 Å when the box is twice the size. Clearly, the smaller box is too
small for any useful applications.

AIMPRO with pseudopotentials NWChem B3LYP
Type Bond centres γ-point 14 k-point cluster DZVP 6-311G++(2d, 2p)
Stretch 1 2 1.69 1.69 1.70 1.70 1.70
Stretch 1 3 1.70 1.70 1.71 1.71 1.70
Stretch 1 4 1.37 1.37 1.37 1.39 1.38
Stretch 4 5 1.41 1.41 1.42 1.43 1.43
Stretch 5 6 1.50 1.50 1.51 1.53 1.52
Stretch 5 7 1.11 1.11 1.10 1.10 1.09
Stretch 5 8 1.11 1.11 1.10 1.10 1.09
Stretch 6 9 1.10 1.10 1.10 1.10 1.09
Stretch 6 10 1.10 1.10 1.10 1.10 1.09
Stretch 6 11 1.10 1.10 1.10 1.10 1.09
Bend 1 4 5 119.06 118.95 118.57 120.21 120.42
Bend 2 1 3 128.48 128.32 128.34 128.15 127.37
Bend 2 1 4 112.91 113.06 113.34 112.52 112.96
Bend 3 1 4 118.61 118.62 118.32 119.33 119.67
Bend 4 5 6 106.62 106.59 105.84 106.79 106.96
Bend 4 5 7 109.92 109.90 109.74 110.18 109.86
Bend 4 5 8 109.93 109.92 109.74 110.18 109.85
Bend 5 6 9 110.80 110.80 110.46 110.22 110.07
Bend 5 6 10 110.73 110.53 110.08 110.86 110.89
Bend 5 6 11 110.77 110.56 110.03 110.86 110.90
Bend 6 5 7 112.58 112.71 112.76 111.45 111.70
Bend 6 5 8 112.56 112.69 112.86 111.45 111.69
Bend 7 5 8 105.25 105.06 105.93 106.82 106.79
Bend 9 6 10 108.46 108.60 109.08 108.42 108.45
Bend 9 6 11 108.44 108.59 109.07 108.42 108.46
Bend 10 6 11 107.53 107.67 108.06 107.97 107.99
Torsion 1 4 5 6 −179.68 −179.64 179.56 179.99 179.96
Torsion 1 4 5 7 58.01 57.93 57.62 58.80 58.55
Torsion 1 4 5 8 −57.40 −57.22 −58.38 −58.83 −58.64
Torsion 2 1 4 5 179.62 179.60 −179.78 179.99 179.86
Torsion 3 1 4 5 −0.38 −0.44 0.24 −0.01 −0.14
Torsion 4 5 6 9 −179.76 −179.74 179.93 −180.00 −179.94
Torsion 4 5 6 10 −59.36 −59.3 −59.55 −59.95 −59.93
Torsion 4 5 6 11 59.85 59.82 59.45 59.95 60.04
Torsion 7 5 6 9 −59.15 −59.10 −60.09 −59.61 −59.70
Torsion 7 5 6 10 61.25 61.34 60.44 60.43 60.31
Torsion 7 5 6 11 −179.53 −179.54 179.43 −179.66 −179.72
Torsion 8 5 6 9 59.63 59.61 59.89 59.62 59.84
Torsion 8 5 6 10 −179.97 −179.96 −179.58 179.67 179.85
Torsion 8 5 6 11 −60.76 −60.83 −60.59 −60.43 −60.18

Table 4.13: Structure properties of ethyl xanthate, bond lengths presented in
Å and angles in degrees.
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4.5.2 Vibrational Frequencies

The results from the pseudopotential calculations are in good agreement with
both the all-electron DFT calculations using LDA (less than 3.8% for EtX)
and MP2 calculations [15]. Compared with the results obtained from the
DFT calculations, where the B3LYP functional is used, together with the
6-311++G(2d, 2p) basis set, the calculations that employ pseudopotentials
yield closely similar results (see Tables 4.14 and 4.15). The only exception is
the CH2/CH3 rocking mode which is calculated to be between 760-748 cm-1

using pseudopotentials, and 813-814 cm-1 using the full potential. There are
no significant changes in the vibrational frequencies if the density of the mesh
used to sample the Brillouin zone is increased from one point at Γ-point to 14
k-points. In Table 4.14 the scale factors are computed relative to the all elec-
tron DFT calculations using the 6-311++G(2d, 2p) basis set and the B3LYP
functional, whereas in Table 4.15 the scale factors are computed against ex-
perimentally determined frequencies. Both all-electron and pseudopotential
calculations overestimate the vibrational frequencies compared with their mea-
sured values. The amount is less than 6% for the both the DZVP, and the
larger 6-311++G(2d, 2p) basis set, compared with experiments (Table 4.15).

AIMPRO with pseudopotentials NWChem B3LYP
γ-point 14 k-point Cluster DZVP 6-311++G(2d, 2p)

cm-1 SF cm-1 SF cm-1 SF cm-1 SF cm-1

381 1.025 382 1.022 385 1.014 386 1.012 390
455 0.989 455 0.989 464 0.970 449 1.002 450
561 1.023 561 1.023 555 1.034 566 1.015 574
653 1.004 654 1.002 671 0.977 652 1.005 656
749 1.087 748 1.088 760 1.071 813 1.001 814
874 1.009 874 1.009 889 0.992 890 0.990 882

1021 0.983 1021 0.983 1043 0.963 1013 0.991 1004
1057 0.987 1057 0.987 1073 0.972 1065 0.980 1043
1103 0.975 1102 0.976 1126 0.955 1089 0.988 1076
1103 1.039 1104 1.038 1130 1.014 1149 0.997 1146
1127 1.042 1127 1.042 1155 1.017 1174 1.000 1174
1196 1.065 1194 1.067 1223 1.041 1279 0.996 1274
1282 1.075 1282 1.075 1294 1.065 1370 1.006 1378
1328 1.060 1326 1.061 1347 1.045 1415 0.994 1407
1390 1.070 1390 1.07 1407 1.057 1496 0.994 1488
1408 1.065 1408 1.065 1422 1.055 1508 0.995 1500
1428 1.064 1428 1.064 1459 1.042 1528 0.994 1520
2909 1.039 2914 1.037 2971 1.017 3029 0.998 3022
2939 1.031 2934 1.032 2976 1.018 3046 0.994 3029
2946 1.036 2949 1.035 2993 1.020 3089 0.988 3052
3028 1.016 3026 1.016 3035 1.013 3106 0.990 3075
3032 1.019 3027 1.021 3041 1.016 3126 0.989 3090

Table 4.14: Calculated vibrational frequencies of EtX, and scale factor com-
pared with all-electron potential DFT calculations using B3LYP functional
and 6-311++G(2d, 2p) basis set, (SF = Scale Factor).
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AIMPRO with pseudopotentials NWChem
γ-point 14 k-point cluster DZVP 6-311++G(2d, 2p) Experimental

cm-1 SF cm-1 SF cm-1 SF cm-1 SF cm-1 SF cm-1

877 0.984 877 0.984 891 0.969 892 0.968 882 0.979 863
1028 0.979 1028 0.979 1044 0.964 1022 0.984 1017 0.989 1006
1040 1.011 1043 1.008 1061 0.991 1039 1.012 1029 1.021 1051
1108 1.010 1104 1.014 1129 0.991 1139 0.982 1138 0.983 1119
1112 1.026 1114 1.024 1150 0.992 1175 0.971 1173 0.973 1141
1212 0.969 1205 0.974 1232 0.953 1183 0.992 1176 0.998 1174
1223 1220 1249 1300 1295
1311 1309 1321 1391 1398
1348 1.024 1348 1.024 1368 1.010 1438 0.960 1426 0.969 1381
1398 1.030 1397 1.031 1412 1.020 1503 0.958 1492 0.965 1440
1408 1.023 1408 1.023 1430 1.007 1510 0.953 1500 0.960 1440
1427 1.025 1426 1.026 1458 1.003 1528 0.957 1518 0.964 1463
2925 0.981 2934 0.978 2987 0.961 3047 0.942 3022 0.950 2870
2945 0.981 2958 0.977 3012 0.959 3070 0.941 3042 0.950 2889
2977 0.992 2985 0.989 3039 0.971 3119 0.946 3089 0.956 2952
3034 0.979 3052 0.973 3048 0.974 3129 0.949 3098 0.959 2970
3045 0.976 3055 0.973 3060 0.971 3143 0.945 3110 0.955 2971

Table 4.15: Calculated vibrational frequencies of KEtX, scale factor (SF)
computed against experimentally determined frequencies.

This implies that the DZVP basis can be employed to calculate reliable es-
timates of vibrational frequencies for systems of this type. The usage of
pseudopotentials results in vibrational frequencies that are somewhat lower
than the ones calculated by all-electron DFT calculations. Compared with the
measured values, the frequencies obtained using pseudopotentials are overes-
timated in the 3000 cm-1 band, but underestimated in the fingerprint band.
Overall, the difference is less than 4.5%. It is unsafe to conclude from this
that pseudopotentials are better; however, it is reasonable to state that the
results obtained are at least as accurate.

4.5.3 Summary

This investigation indicates that pseudopotentials are entirely suitable for
these kinds of calculations. Accuracy is maintained with a large reduction of
computational time. On the same hardware, the optimized geometrical struc-
ture and vibrational modes of EtX are calculated about 13 times faster when
pseudopotentials are employed instead of the using and all-electron model.
MP2 calculations with the 6-311G** basis sets are about 280 times slower
than the pseudopotential method. Note also that in this example the system
is relatively small (11 atoms), and the benefit of pseudopotentials becomes
greater as number of atoms increases. Verification of the pseudopotential for-
malism is a crucial step towards ab initio modelling of surfaces, where it is
necessary to construct model systems containing several hundred atoms.
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4.6 Conclusions

Several types of molecules associated with the adsorption process are inves-
tigated using both DFT, as well as classical Hartree-Fock methods, such as
SCF and MP2. A pseudopotential formalism is also applied and verified both
against all electron potential calculations and experimental results. DFT to-
gether with the local approximation is demonstrated to be the preferred way
to calculate vibrational frequencies, achieving an accuracy of about 4%, with
respect experimentally observed frequencies. Although the local approxima-
tion is used, better results can be achieved using the hybrid functional B3LYP.
It is able to resolve conformations that are close in energy. By applying the
pseudopotential approach, structures and vibrational frequencies can be cal-
culated with similar accuracy, but much more efficiently, compared with all-
electron calculations. Considering the eleven-atom EtX molecule, the opti-
mized geometry and all its vibrational frequencies are calculated about 280
times faster using DFT and pseudopotentials compared with MP2. However,
in this example the system is very small, and this difference becomes even
larger when the number of atoms is increased. Verification of the pseudopo-
tential approach is a crucial step towards ab initio modelling of surfaces, where
the systems of interest contain up to a few hundred atoms. Another molecule
closely related to the flotation process is dibutyldithiophosphate. The Zn
complexes of this molecule are frequently used within the lubrication indus-
try, as antioxidant and antiwear additives. Studies of these complexes are
performed using the Gaussian, NWChem, and AIMPRO program packages.
Three different types of geometrical conformations of DBDTP and KDBDTP
are investigated. Geometrical data such as bond lengths and bond angles are
discussed. Regarding the vibrational properties, both the anion and the potas-
sium have similar features in the methyl/methylene region around 3000 cm-1.
Shifts of the symmetrical and asymmetrical P-O stretching mode in the vicin-
ity of 850-725 cm-1 are observed. These are due to the presence of the metal
ion. Furthermore, it is also noticed that almost all modes in the 1050-750 cm-1

band are combinations of both stretching of the P-O/S-P bonds, as well as
wagging, deformation, and rocking of the entities of the hydrocarbon chain.
In an ongoing investigation of ZnDTP, various conformation are considered
using both theoretical (DFT calculations) as well as experimental techniques.
In this chapter the calculated geometrical structures and vibrational frequen-
cies are presented. Classifications of some important infrared bands are also
given.
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Chapter 5

Collectors Adsorbed on

Surfaces

In the previous chapters the density functional theory pseudopotential for-
malism is shown to be a both efficient and accurate method for calculating
properties of collector molecules. In the following sections this methodology
is applied to model adsorption on surfaces. Models containing more than 200
atoms are used to investigate ethyl and heptyl xanthate adsorbed on Ge(111),
and ZnS(100), (110), and (111) surfaces. Both optimized geometries as well
as vibrational frequencies and classification of the corresponding vibrational
modes are presented.

5.1 Heptyl Xanthate Adsorbed on a Ge(111) Sur-
face

The experimental technique of in situ ATR-FTIR (Attenuated Total Reflec-
tion Fourier Transform Infrared) spectroscopy, in combination with compu-
tational chemistry, is an effective and increasingly popular tool for obtain-
ing more detailed information about the present systems under investiga-
tion [124, 125]. It provides supplementary information that is essentially
impossible to obtain otherwise. Results are presented here that exploit the
reliability of DFT calculations to obtain the vibrational frequencies of a geo-
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metrically optimized adsorbed structure of heptyl xanthate (HepXads) on a
Ge(111) surface. These vibrational frequencies are then compared with in
situ ATR-FTIR spectra of heptyl xanthate adsorbed at the germanium/water
interface in order to facilitate their interpretation. In addition, a discussion
of the infrared spectrum of the heptyl xanthate ion (HepX ion) in aqueous
solution is presented. The adsorption of xanthates and, their interactions
with different surfaces have been studied ex situ for several decades, e.g. by
Little et al. [102], Poling [103, 126], Mielczarski et al. [127, 128], Valli et
al. [4, 129, 130, 131], and Ihs et al. [8, 7]. Fewer studies of Xanthate in situ
adsorption exist. Of these, examples are Mielczarski et al. [132], Leppinen et
al. [5, 6], Fredriksson and Holmgren [21], and Talonen et al. [9]. In addition
to the present discussion about HepXads, the infrared spectrum of the heptyl
xanthate ion (HepX ion) in aqueous solution is considered as well. There are
apparently only two ab initio calculations that report the vibrational frequen-
cies for xanthates [11, 15]. The present work apparently is the first where
vibrational frequencies of xanthate adsorbed on any surface are calculated at
the ab initio level of theory. Xanthate adsorption on pyrite FeS2(110) and
(111) surfaces have been studied by Hung et al. using DFT-based methods
(VASP and DMOL) [16]. Their results suggested that xanthate may undergo
chemisorption at defects sites on real FeS2 surfaces. The same authors also
found that a xanthate ion is repelled from a clean (100) surface [17]. The
interaction of sulfhydryl surfactants with a covellite (001) surface was inves-
tigated using Gaussian by Porento and Hirva [18]. They also published a
theoretical study, again using Gaussian, of the effects of copper atoms on the
adsorption of ethyl xanthate on a sphalerite surface [19]. There are appar-
ently only two ab initio calculations reporting on the vibrational frequencies
for xanthates [11, 15].

5.1.1 Experimental Methods

Materials

The xanthate (potassium heptyl xanthate, KHepX) is synthesized according
to the method described by Rao [1]. Heptanol, KOH and CS2 are used in the
synthesis. Purification of the KHepX is performed by recrystallization from
acetone/ether and acetone/benzene. The in situ HepX adsorption onto the
germanium infrared element is performed in a flow-through cell, where the
element is sealed to the cell with a Viton gasket (see [90]). Measurements
are taken with aqueous solution flowing continuously through the cell (15–
20 ml/min), and under constant moderate ionic concentration (0.2 M KBr).
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The germanium crystal is prepared by being gently polished with diamond
paste, to ensure a fresh surface, and subsequently thoroughly washed first
in high-purity acetone, then in an ultrasonic bath with high-purity ethanol
(99.7%), followed by milliQ water (Millipore corp.), before starting the ad-
sorption experiment. The stability of the aqueous HepX solution (T = 22◦C)
during the adsorption experiment is examined using a Lambda-2 UV/Vis spec-
trometer, and is found to be stable over the period that measurements are
made (< 61 min). In a recent article published by Fredriksson et al. [90] it
was concluded that the bulk contribution to the measured absorbencies was
insignificant in the concentration range used here (CHepX ≤ 0.5 mM).

Aqueous Transmission Infrared Spectroscopy

Infrared spectra of the xanthate solution are recorded using a Bruker IFS
66 v/S spectrometer equipped with a MCT detector. The aqueous infrared
transmission experiments is performed using a vacuum cell sealed by a Viton
gasket, with 6 μ m spacers, and CaF2 infrared transmitting window material.
Spectra recorded during the transmission analysis are obtained by averaging
scans to obtain a sufficiently good signal-to-noise ratio at a resolution of 4 cm-1.
The HepX concentration used is 0.5 M, which is necessary to obtain a good
signal-to-noise ratio allowing for attenuation due to the water layer. Even after
several hours, no detectable decomposition of the collector can be observed.
All spectra are corrected for the influence of water absorption (see Figure 5.6).

Total Internal Reflection Spectroscopy

Infrared spectra are recorded using by a Bruker IFS 66 v/S spectrometer
equipped with a mercury cadmium telluride (MCT) detector. In order to
obtain a good signal to noise ratio, the background is recorded over a period
of 10–15 minutes, with the cell filled with milliQ water. Thus, the single-
beam background spectrum is recorded with the germanium internal reflection
element in contact with water. Spectra recorded during the adsorption process
are obtained by averaging scans recorded over a period of 2 minutes at a
resolution of 4 cm-1. The ATR elements (50 × 20 × 2mm3, trapezoidal, 45◦,
refractive index 4.0) are supplied by Spectroscopy Central Ltd., UK. The
spectra (Figure 5.6) are corrected for the high absorption of water in the
bands over 3000 cm-1 and around 1640 cm-1. This correction for water bands
in the in situ measured spectra is done by taking a spectrum for pure water
and using it as a reference. The adsorption of xanthate molecules onto a
germanium surface displaces water molecules, thereby making the contribution
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from water to the signal weaker. This is compensated for by simply adding the
pure-water reference spectrum in the appropriate proportion to achieve a level
baseline, particularly over the hydrocarbon stretching band below 3000 cm-1,
and the band close to 1640 cm-1. In these bands water stretching vibrations
and bending vibrations, respectively, are significant. A detailed description
of procedure to compensate for the effect of water is provided in [89]. The
DFT calculations provide all the vibrational modes that exist (infrared as
well as Raman active), but the in situ measurements only give values between
about 900 cm-1 and 3500 cm-1. The main reason for the cutoff at 900 cm-1

in the experiments is that the germanium crystal absorbs the signal below
900 cm-1, and the CaF2 window below 1000 cm-1. For the calculated modes,
therefore, only vibrations above 1000 cm-1 are assigned. In experimental as
well as modelled spectra, the molecule has no frequencies above 3100 cm-1.

5.1.2 Calculations

The adsorption is modelled using the Ab Initio Modelling PROgram (AIM-
PRO) with local density approximation and pseudopotentials [85], see sec-
tion 3.1.3. A supercell containing 201 atoms is used to model the adsorption,
see Figure 5.2. The supercell consists of 150 germanium atoms, 25 hydrogen
atoms that saturate surface dangling bonds, and the 26 atoms of the HepX
molecule. Since the supercell is repeated periodically in three dimensions, a
larger translation vector (35 Å) in the direction of the surface normal is intro-
duced to create a vacuum. In the other two directions, the vectors are chosen
to create a continuous surface. The supercells are hydrogen terminated on
the opposite side of the surface of interest. This is done to make the surface
passive. In the calculations an ideal lattice parameter of 5.5921 Å is calculated
and used instead of the experimentally determined one for germanium which
is 5.6575 Å. The optimized geometrical structure and vibrational modes of the
HepX ion are calculated both as single molecules and as molecules in a box
25 × 25 × 25 Å. This ensures no spurious interaction occurs between a model
molecule and its images. In this section only the results from the molecules
alone are presented. These calculations are performed using the same basis
sets as for the surface calculations. The output is validated against previ-
ously performed calculations [15] using standard quantum chemistry methods
(DFT with LDA and B3LYP functionals and the DZVP/DZVP2 basis sets).
The present calculations (DFT with pseudopotentials) designed for ab initio
calculations of large atomic system, show excellent agreement with the much
more time consuming ones, based on a full potential. This demonstrates that
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the same method can be adopted for the surface problem. For calculations on
the surface a k-point grid of 2 × 1 × 2 [84], is used which yields six k-points
in the Brillouin zone. All the calculations follow the same scheme: the struc-
ture is first optimized with respect to total energy, and then the vibrational
modes are calculated using this. In the calculation of vibrational modes, scale
factors are not applied. The assignments of vibrational frequencies are made
by visual inspection of the atomic displacements and symmetry arguments, as
previously done in other investigations [15]. These assignments are presented
in Tables 5.1, 5.2, 5.3, and 5.4.

5.1.3 Results and Discussion

Structure of the Adsorbed Molecule

Figure 5.1: Expected surface complexes of xanthate adsorbed on a germanium
surface. Left: a monodentate mononuclear complex. Centre: a bidentate binu-
clear (bridging) complex. Right: a bidentate mononuclear (terminal) complex.

In the case of xanthate adsorbed on a germanium surface, depending on
the local surfaces structure, three surface complexes can be expected (see
Figure 5.1). The calculations show that a bidentate bridging of the heptyl
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xanthate is the most stable conformation of the chemisorbed species on a
clean Ge(111) surface (see Figure 5.2). A slight tilting of the hydrocarbon
tail exists, as shown when the supercell is rotated 90◦, Figure 5.2. Start-
ing at the first carbon atom in the hydrocarbon chain, the bond lengths
are C-O (1.43 Å), O-C (1.32 Å), C-(S1) (1.73 Å), (S1)-Ge (2.32 Å), C-(S2)
(1.72 Å), and (S2)-Ge (2.43 Å). The calculated bond angles are; COC (123.5◦),
OC(S1) (107.2◦), (S1)C(S2) (134.8◦), Ge(S1)C (110.9◦), OC(S2) (117.7◦), and
Ge(S2)C (118.5◦). In both cases S1 and S2 refers to the sulphur atom labelled
in the left view of Figure 5.2. The SCS angle increases from 127.7◦ for the
xanthate anion to 134.8◦ when adsorbed on the surface. This may cause the
shifts that are observed in the vibrational spectra.

Figure 5.2: Two different views of the optimized structure of the adsorbed
heptyl xanthate molecule on a clean Ge(111) surface. Sulphur atoms are la-
belled for the discussion of the geometry.

Methyl and Methylene Vibrational Modes

In Figure 5.3, the calculated infrared spectrum of an adsorbed heptyl xanthate
molecule on a Ge(111) surface is compared with the corresponding spectrum
for a free heptyl xanthate ion. Figure 5.3 shows the 2875–3075 cm-1 band asso-
ciated with hydrocarbon (CH3/CH2) stretching modes. In the characterization
of differences between free heptyl xanthate molecules versus adsorbed heptyl
xanthate molecules, this band is affected only a small amount by the adsorp-
tion of the molecule to the clean Ge(111) surface. The estimated frequencies
for the adsorbed species are shifted slightly upwards compared with the free
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molecule. However, this is in contrast to the experiments where a red shift
is observed. In the model system there is intentionally negligible interaction
between the adsorbed species because they are separated by more than 10 Å).
This lack of chain-chain interaction, and the absence of water in the model
is a likely reason for this difference. The shift (about 1%) is most apparent
in the methyl/methylene stretching modes, due to their high frequency. It is
also present to the same extent at lower frequencies. In reality, the adsorbed
heptyl xanthate has its main vibrational frequency of the asymmetric CH2

stretching mode at about 2925 cm-1 and the symmetric CH2 stretching mode
at about 2854 cm-1 (see Figure 5.6). These modes are also known to provide
information about the conformational state of the hydrocarbon chain [133, 8].
The assignments in Tables 5.1, 5.2, 5.3, and 5.4 are made according to the
following scheme. A CH2 entity labelled “1,2,. . . ” defines the CH2 position
relative to the headgroup, where “1” means the CH2 group closest to the
headgroup, and so forth along the hydrocarbon chain. See section 2.4.5 for a
more detailed description of the abbreviations used to describe the vibrational
modes. In plane, refers to the CCC plane. Out of plane bending modes are
perpendicular to this plane.

Figure 5.3: The modelled hydrocarbon stretching spectrum for the free heptyl
xanthate molecule (upper spectrum) and an adsorbed heptyl xanthate on a
clean Ge(111) surface (lower spectrum).
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Frequency Intensity Assignment
2906 0.003 CH2 4, 5 sym stretch
2918 0.013 CH2 3, 4, 5, 6 sym stretch
2921 0.265 CH2 1, 2, 4 sym stretch
2926 0.069 CH2 3, 4, 6 sym stretch
2932 0.599 CH2 5, 6 sym stretch
2943 0.099 CH2 1, 2 sym stretch and CH2 3, 4, 5 asym stretch
2945 0.631 CH2 2, 3 sym stretch and CH2 4, 5 asym stretch
2947 0.389 CH3 sym stretch
2956 0.013 CH2 3, 4, 5, 6 asym stretch
2970 0.205 CH2 1, 2, 3, 4, 6 asym stretch
2976 0.040 CH2 1, 3, 6 asym stretch
2984 0.965 CH2 3, 4, 5, 6 asym stretch
3003 1.845 CH2 1, 2, 3, 4 asym stretch
3025 0.959 CH3 asym stretch (no in plane H move)
3041 0.619 CH3 asym stretch (in plane H out-of-phase)

Table 5.1: Peak assignments (3050–2900 cm-1) of a modelled HepX on a pure
Ge(111) surface.

The 1500–1150 cm-1 Band

In this band, the spectra of both the free and adsorbed molecules are essentially
similar. The characteristic bends, wags and twists of the CH3/CH2 groups are
seen between 1450–1250 cm-1 in Figure 5.4. Assignments for all the vibrations
in this band are provided in Table 5.2. The vibrational frequencies in the
1250–1180 cm-1 band are associated with the COC, CS2 and CH2 entities, e.g.
COC/CCC bending, COC asymmetric stretching, CS2 symmetric stretching,
and CH2 wagging modes, as shown in Table 5.2. In the calculated spectrum
of HepX on Ge, weak bands appear at 1199, 1223, and 1242 cm-1, which are
nearly absent in the modelled spectrum of the free ion. Either of the two
latter bands could be expected to originate from the experimentally observed
band at 1200 cm-1 (Figure 5.6) due to adsorbed HepX, since both the modelled
bands include vibrations from atoms in the head group of the molecule. The
intensity of the bands is low; however, it should noted that intensities are not
modelled reliably by DFT calculations. Nevertheless, a likely candidate in the
1200 cm-1 band is the intense absorption at 1187 cm-1, since it clearly shifts to
higher frequency (from 1182 cm-1 to 1187 cm-1) upon adsorption. This band
is a mixture of CH2 wagging and COC bending vibrations. In 1963, Poling
examined the surface conformation of the adsorbed xanthate and suggested
that a shift for ethyl xanthate adsorbed onto lead sulphide from 1212 cm-1

to 1195 cm-1 is due to a difference in surface complexation [126]. Mielczarski
and Leppinen [134], and Ihs et al. [7], assign the band at 1201 cm-1 to a
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mode that is mostly the asymmetric C-O-C stretching vibration. The intense
peak at about 1430 cm-1 in both spectra of Figure 5.4 has its origin mainly
from a highly symmetric CH2 deformation mode. According to the modelling
results, this band appears to be only slightly affected upon adsorption of a
free molecule.

Figure 5.4: The modelled spectral region between 1500 cm-1 and 1155 cm-1 of
HepX on a clean Ge(111) surface.

Frequency Intensity Assignment
1187 2.936 CH2 wag and COC bend
1199 0.139 CH2 wag and CCC out-of-plane bend
1223 0.042 COC asym stretch, SCS sym stretch and CH2 wag
1239 0.007 CH2 twist
1242 0.028 CH2 2, 3, 5, 6 wag, COC asym stretch and SCS sym stretch
1260 0.001 CH2 twist
1268 0.001 CH2 1, 2, 3, 4, 5 twist
1274 0.001 CH2 2, 3, 5, 6 twist
1289 0.590 CH2 wag, COC/CCC def., SCS sym stretch and (C)OC stretch
1326 0.183 CH2 wag and CH3 sym def.
1340 0.582 CH3 sym def. and CH2 4, 6 wag
1354 0.007 CH2 wag and CH3 sym def.
1365 0.062 CH2 1, 2, 3, 4 wag (each side in-phase)
1405 0.025 CH2 1, 3, 4, 6 sym def.
1406 0.008 CH2 2, 4, 5, 6 sym def.
1410 0.139 CH2 1, 3, 6 sym def.
1413 0.063 CH2 1, 2, 3, 4, 6 sym def.
1415 0.252 CH2 2, 3, 4 sym def. and CH3 asym def.
1417 0.077 CH2 sym def. and CH3 sym def. no in-plane H bend
1426 0.143 CH2 1, 2, 3, 5, 6 sym def. and CH3 sym def. no in-plane H bend
1430 3.150 CH2 sym def.

Table 5.2: Peak assignments (1430–1150 cm-1) for a HepX molecule on a clean
Ge(111) surface, according to theory.
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The 1150–1000 cm-1 Band

Vibrations in the 1150–1000 cm-1 band appear to be the ones which exhibit
the largest differences between an adsorbed molecule and a free molecule (see
Figure 5.5). In this band the free molecule has its main contribution from the
CS2, COC, OCC, and CCC entities (see Table 5.3). Three of them are associ-
ated with the headgroup of the heptyl xanthate. The high intensity peak for
the free molecule at 1102 cm-1 is composed of two unresolved lines at 1103 cm-1

and 1101 cm-1. The same mode observed for the adsorbed molecule, is shifted
down to about 1005 cm-1 (see Table 5.4). This is one of the clear differences be-
tween an adsorbed molecule and a free molecule, according to the calculations.
The CS2 entity’s vibrations seems to be highly affected by the adsorption of
the xanthate to a Ge(111) surface, and the shift to lower frequency is thought
be due to the fact that stretching vibrations are involved. The amplitude of
the CS2 asymmetric stretching mode is low in this band compared with the
free molecule, and the amplitude of the COC stretching/deformation mode is
also lower compared with the free molecule. The differences are clearly seen
between the two cases when the spectra in Figure 5.5 are compared. The
free molecule seems to have four distinct vibrations at 1135, 1103, 1101, and
1042 cm-1 (assigned in Table 5.3), while the adsorbed molecule has six distinct
vibrations at 1131, 1090, 1066, 1055, 1023, and 1005 cm-1. The contribution
to the vibration mode at 1131 cm-1 comes mainly from the COC, OCC, and
CCC bending modes. The vibrations at 1090, 1065 and 1055 cm-1 have their
contribution from the deformations of the COC/OCC/CCC groups together
with contribution from the stretching of the hydrocarbon tail (see Table 5.4).
Several publications [11, 15, 134, 135] have discussed the origin of the bands
in the band between about 1130 cm-1 and 1010 cm-1, and they mainly sug-
gest a strong involvement of asymmetric COC and CS2 stretching modes, and
to some extent carbon-carbon/hydrocarbon stretching vibrations. The stud-
ies of xanthate adsorption on metal and metal sulphides mostly use shorter
homologues, such as ethyl xanthate, which have smaller contributions from
vibrations associated with the hydrocarbon chain in this band. As shown in
Figure 5.5, the band between 1150 cm-1 and 1000 cm-1 appears to be sensitive
to differences between an adsorbed xanthate molecule and its corresponding
ion. However, in this context it should be mentioned that even larger dif-
ferences are found at lower frequencies, although these bands could not be
experimentally verified due to the transmission range of the ATR element,
and the infrared absorption of water.

112



Figure 5.5: Modelled spectra of the heptyl xanthate ion (HepX ion) and the
heptyl xanthate adsorbed on a pure Ge(111) surface (HepXads).

Frequency Intensity Assignment
1042 0.734 CS2 asym. stretch, CCC stretch and CCC/OCC def.
1101 0.494 CS2/COC asym. stretch, CCC def. and minor COC/ OCC def.
1103 0.360 CS2/COC asym. stretch, CCC/COC def. and OCC stretch
1135 0.043 CS2 asym. stretch and COC/OCC/CCC def.

Table 5.3: Peak assignments in the 1150–990 cm-1 infrared band for the HepX
ion.

Frequency Intensity Assignment
1005 0.111 CS2/COC asym. stretch, COC def. and OCC stretch
1023 0.034 CCC stretch, CCC def. and minor COC def. and minor CS2 asym. stretch
1055 0.654 CCC stretch, CCC/COC/OCC def. and minor CS2 asym. stretch
1065 0.426 CCC stretch, COC/CCC/OCC def. and minor CS2 asym. stretch
1089 0.239 CCC stretch, CCC/COC def. and minor CS2 asym. stretch
1131 0.275 CCC/COC/OCC def. and minor CS2 asym. stretch

Table 5.4: Peak assignments in the 1150–990 cm-1 infrared band for the
HepXads.
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In situ ATR Spectra Compared with Transmission Infrared Spectra
and Spectra from DFT-Modelling

The experimental differences (and similarities) between heptyl xanthate ions
in aqueous solution and in situ adsorbed heptyl xanthates are shown in Fig-
ure 5.6. The specific vibration frequencies of the CH3/CH2 stretching modes
(3050–2800 cm-1) for the HepX ion are shifted upwards about 6–7 cm-1, show-
ing that the adsorption of the HepX molecule to a Ge(111) surface affects
the vibrational frequencies of these particular CH2/CH3 vibrations. However,
this shift is apparently opposite to the shift obtained from DFT calculations
(Table 5.1 and Figure 5.3). The most likely explanation for the red shift in the
experimental data is the chain-chain interactions that occur during the for-
mation of a complete layer of xanthate on the surface. These interactions are
not reflected by the DFT calculations. Spectra of the adsorbed species have
an intense peak at 1200 cm-1 that is not present, shifted, or is too small to
be detected, in the spectrum of the HepX ion. This peak position is assigned
by the DFT calculations to originate from the symmetric wagging of the CH2

groups and CCC out of plane bending vibrations (1199 cm-1 in Table 5.2).
However, the calculated band at 1187 cm-1, due to CH2 wagging and COC
bending vibrations, has the largest intensity in this spectral range (Table 5.2
and Figure 5.4). Simultaneously, the measured band at 1200 cm-1appears, and
the distinct shoulder at 1150 cm-1 in the spectrum of the ion disappears (Fig-
ure 5.6). Therefore, it seems reasonable to assign the band at 1200 cm-1 to CH2

wagging and COC bending vibrations, with a possible contribution from CCC
out-of-plane bending. It may be noticed that the wagging of the methylene
groups are involved in this absorbance band. In the spectral region 1150–
1000 cm-1, referring to the DFT results, clear differences between adsorbed
and free ions is seen. The spectrum of the ion has two bands at 1120 and
1060 cm-1, and a shoulder at the high frequency side of the peak at 1120 cm-1.
These bands are assigned predominantly to the deformations of the headgroup
COC/OCC bending modes), which are deformations and stretching of the hy-
drocarbon tail. Animated sequences of simulated vibrational motions based
on DFT calculations, apparently show that the adsorbed CS2 entity makes
only a minor contribution in this spectral region (Table 5.1). However, for the
free ion the CS2 entity makes a significant contribution to the spectral features
(compare Table 5.3, 5.4 and Figure 5.6). It is clear that the infrared spectrum
of an adsorbed molecule is quite different from the spectrum of a free ion. The
adsorbed species generate several peaks in the infrared spectrum which are
not detected in the infrared spectrum of the ion. These differences are evident
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also in the DFT-modelled spectra and originate from the CCC, COC, and
OCC entities in addition to CH2 wagging at about 1200 cm-1 (see Figure 5.4
and 5.5 and the corresponding tables). Furthermore, the similarities between
the modelled results and the spectra from in situ experiments are reasonably
good, bearing in mind that in the calculated spectra the HepX ion is bonded
to the Ge(111) surface as a bidentate binuclear complex. This may not be
the situation in aqueous solution where the germanium surface would be hy-
drated. A hydrated surface is currently the subject of ongoing investigations,
see section 5.2. In the spectra of the adsorbed xanthate (see Figure 5.6) the
oxidized form of the xanthate is emerging, i.e. the (HepX)2-dimer. This is
especially evident in the spectrum after 61 minutes of adsorption. The peak
at about 1260 cm-1 and the shoulder on the lower frequency side of the peak at
1040 cm-1 are assigned here to the formation of dixanthogen, as well as by oth-
ers [126]. The band at about 1460 cm-1 (Figure 5.6) clearly shows a doublet,
which does not appear in the spectrum of the free ion or in the DFT-modelled
spectrum of adsorbed HepX (Figure 5.5). This difference is presumably due
to interactions between adjacent alkyl chains on the germanium surface, a
situation that was not modelled in our calculations.

Figure 5.6: Spectra of HepX (0.5 mM) in situ adsorbed at germanium at
1 minute, 31 minutes, and 61 minutes (lower spectra), and a transmission
infrared spectrum of an aqueous (0.5 M) solution of HepX (upper spectrum).
The solid arrows indicate peaks associated with the adsorbed species for the
in situ measured spectra, and dashed arrows indicate features associated with
the simultaneously formed dimeric form of the xanthate.
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5.1.4 Summary

According to the DFT-based models, the heptyl xanthate forms a bidentate
structure bound to a clean Ge(111) surface. The calculated absorption fre-
quencies of the adsorbed xanthate have similar features in the infrared spec-
trum between 3000 cm-1 and 1280 cm-1 to the calculated spectrum of a free
heptyl xanthate molecule. The main differences between the spectrum of an
adsorbed heptyl xanthate and a free heptyl xanthate ion are evident in the
region between 1280 cm-1 and 1000 cm-1. This is also the spectral region that
most clearly shows the difference between spectra for the adsorbed and the
free HepX ion in aqueous solution. The in situ ATR-FTIR spectrum of an
adsorbed heptyl xanthate on germanium shows a strong peak at 1200 cm-1,
which according to the DFT calculations could be assigned to the COC, CH2,
CS2 and CCC entities. This intense peak is not seen in the infrared spectrum
of a heptyl xanthate ion in aqueous solution. It also seems clear that this
absorption band is affected more by the CH2 wagging than by the attached
CS2 group. The results show that in situ ATR-FTIR spectroscopy supported
by DFT calculations works well as a means to interpret spectra from adsorbed
molecules.

5.2 Ethyl Xanthate Adsorbed on Decorated

Ge(111) Surfaces

In the previous section, which recently been published [136], vibrational fre-
quencies of heptyl xanthate adsorbed on a clean Ge(111) surface were calcu-
lated at the ab initio level of theory and compared with in situ ATR-FTIR
spectra. In this section we study the effects of various atoms, such as hy-
drogen, oxygen and hydroxyl groups, adsorbed in the neighbourhood of the
xanthate molecule on a hydroxylated Ge(111). Results are presented here
that exploit the reliability of DFT calculations to obtain the vibrational fre-
quencies of a geometrically optimized adsorbed structure of EtX on a Ge(111)
surface. A discussion of the infrared spectrum of the adsorbed ethyl xanthate
is presented.

5.2.1 Calculations

To model the adsorption on a germanium (111) surface, the Ab Initio Mod-
elling Program - AIMPRO,see section 3.1.3 was used with the local density
approximation, localized basis sets and pseudopotentials [85]. This approach
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was successfully used previously in [136]. All computational units models were
constructed as supercells and optimized with a k-point grid containing four
points. The original supercell contained 112 atoms including the 16 hydrogen
atoms used for the termination of the passive surface. To this supercell, the 11
atoms of the xanthate molecule were added. Since the supercell is periodically
repeated in three dimensions, a larger translation vector (40 Å) in the direc-
tion of the surface normal was chosen to create a vacuum. In the other two
directions, the vectors were chosen to create a continuous surface. A lattice
parameter of 5.5921 Å was calculated and used instead of the experimentally
determined one for germanium which is 5.6575 Å. Additional free atoms, such
as O and H, were added to maintain a coherent system, which implies compa-
rable total energies. Such atoms were added along the main diagonal of the
surface slab but at different heights above the surface. No two such atoms are
closer than 10 Å from each other and the distance is greater than 5 Å to any
atoms of the ethyl xanthate. The assignments of vibrational frequencies are
made by visual inspection of the atomic displacements and symmetry argu-
ments, as previously done in other investigations [15, 136]. These assignments
are presented in Tables 5.7 and 5.8.

5.2.2 Results and Discussion

The Clean Ge(111) Surface

As a starting point, the clean Ge(111) surface was investigated. The ethyl
xanthate was first placed at a fairly large distance in such a way that it did
not chemisorb to the surface. The system was geometrically optimized, Fig-
ure 5.7. The collector was then moved close to the surface such that, after
optimization, it chemisorbed to the surface, Figure 5.8. All structures pre-
sented in Figures 5.7–5.11 are energetically optimized. A summary of the
geometrical properties discussed in this section can be found in Table 5.5. It
was previously found that a collector forms a bridging configuration to the
clean Ge(111) surface [136]. A monodentate configuration at the clean surface
will be a higher energy system by about 0.67 eV, compared to the bridging
alternative [136]. Water adsorption on clean Ge(111) surfaces has also been
studied. The results show a 3.4 eV energy gain from the physisorbing of a wa-
ter molecule to the surface. An additional 0.84 eV is gained if one dissociates
the water molecule into a H atom and an OH group and then chemisorb them
at two surface sites. Results indicate that if water is introduced to a clean
Ge(111) surface it is energetically preferable to dissociate the water molecule.
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Figure 5.7: Optimized geometry of ethyl xanthate at a S-Ge distance of 3.56 Å
from the surface.

Figure 5.8: Optimized geometry of ethyl xanthate chemisorbed on a clean
Ge(111) surface. The S-Ge distances are 2.38 and 2.37 Å for the left and right
sulphur atoms, respectively. This structure is referred to as structure G1.

Hydrogen Terminated Ge(111) Surface

To make the surface passive, all surface sites of the initial perfect surface are
terminated with hydrogen atoms. As before, we begin with a system where the
ethyl xanthate is placed at a noninteractive distance from the surface. Then
two hydrogen atoms are removed from the surface, and the xanthate is brought
to the surface to form a bridging conformation, much in the same fashion as
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the optimized results from the clean surface. After structural optimization it
was found that the ethyl xanthate molecule forms a monodentate bond to the
surfaces, see Figure 5.9. The same result was obtained when the optimized
structure of the non-hydrogen terminated surface (shown in Figure 5.8) were
hydrogen terminated at all vacant surface sites. Note that the surface is no
longer perturbed as in the two first cases without hydrogen atoms at the
surface. The net gain in total energy is about 0.83 eV when removing two
hydrogen atoms from the surface to form H2 and adsorbing ethyl xanthate on
the vacant surface sites. Compared to the non-hydrogen-terminated surface
(Figure 5.8) the S-Ge bond length was changed from 2.38 to 2.32 Å for the
bonded S atom, whereas the other S atom has its closest Ge atom at a distance
of 3.27 Å. This Ge atom is located in the second layer placed right below the
S atom. The distance from the initial closest Ge atom increased from 2.38
to 4.91 Å. This monodentate conformation is probably due to the lack of
electron transfer within the surface due to the saturation. Furthermore, this
conformation leaves one surface site unoccupied. Therefore, some possible
alternatives were investigated: Should it be vacant or occupied, and, in the
latter case, by what?

Figure 5.9: Optimized geometry of ethyl xanthate at an H-terminated surface,
referred to as structure G2.

When this vacant Ge atom is occupied by a hydrogen atom, the distance from
the nonbonded sulphur atom of the EtX to the nearest hydrogen atom at
the surface is 2.54 Å and that to the next nearest hydrogen atom is 2.86 Å,
Figure 5.10. To be able to compare different configurations, all atoms removed
from the surface are kept at a noninteracting distance from the surface and
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from each other. This reassures that the total energy is independent of the
formation energy of, for example, OH−. Compared to having the hydrogen
atom in the vacuum, there is a net gain of 3.19 eV in energy if the vacant
Ge-surface atom is occupied by a hydrogen.

Figure 5.10: Optimized geometry of ethyl xanthate at an H-terminated sur-
face, where H is adsorbed on the vacant surface site, referred to as structure
G3.

The excess charge of the nonbonded sulphur atoms will not attract an oxygen
atom at the surface; on the contrary, the oxygen is pushed away from the
sulphur atom, Figure 5.11. The distance from the sulphur atom to the oxygen
will become 3.41 Å. Instead the sulphur atom will prefer to hydrogen bond
to a neighboring hydrogen atom at a distance of 2.52 Å. Removing the oxy-
gen discussed in the previous example and adsorbing a hydroxyl group at the
vacant surface site results in a system that has the lowest energy of the ones
studied here, Figure 5.12. The EtX sulphur atom not bonded to the surface
will form a hydrogen bond to the OH group at a distance of approximately
2.14 Å, which is consistent with a hydrogen bond of this type. The distance to
the next closest neighboring hydrogen atom remains at 2.54 Å (i.e., the geome-
try of the adsorbed xanthate is not influenced by the OH group). Irrespective
of the OH group being formed or separated into atoms in the vacuum this
system will be the energetically most preferable of the ones investigated here.
AN energy gain of 2.89 eV occurs as a result of adsorbing the OH group at
the free surface site compared with having the OH group in the vacuum. It is
therefore plausible that a xanthate molecule will adsorb close to a dissociated
water molecule already adsorbed at the surface.
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Figure 5.11: Optimized geometry of ethyl xanthate at an H-terminated sur-
face, where O is adsorbed on the vacant surface site, referred to as structure
G4.

Figure 5.12: Optimized geometry of ethyl xanthate at an H-terminated sur-
face, where OH is adsorbed on the vacant surface site, referred to as structure
G5.

Bond lengths G1 G2 G3 G4 G5 G6
S-Ge bonded 2.38/2.37 2.32 2.31 2.28 2.34 2.32
S-Ge unbonded 3.27 3.17 3.21 3.25 3.27
S-HGe 2.54 2.54 2.52 2.51 2.63
S-OGe 3.41
S-HOGe 2.14 2.13

Table 5.5: Summary of geometrical properties, bond lengths in (Å).
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Tilt Angle

Within surface chemistry, and especially concerning collectors or other surfac-
tants attaching to the surface, the tilt angle is of interest since it may influence
the hydrophobic properties of the surface. The tilt angle is defined as the an-
gle between the surface normal and the molecular axis of the hydrocarbon
chain. Estimates of the tilt angle using experimental techniques have been
done previously [86, 7, 137, 95]. The method is closely related to the exper-
imental definition in [86, 95]. They use the dichroic ratio, that is, the ratio
between the absorbance of S-polarized (normal to the plane of incidence) and
P-polarized (parallel to the plane of incidence) components of the incident
electric field. This exploits, for example, the different characters of symmetric
and asymmetric CH2 stretching modes. These vibrations and their transition
moments are perpendicular to the molecular axis when an all-trans conforma-
tion of the hydrocarbon chain is assumed. Hence, the CH2 entities form planes
that all are orthogonal to the molecule axis. In [95] where the adsorption of
heptyl xanthate on a germanium crystal was studied in situ the tilt angle was
found to be approximately 47◦. In our calculation we use the average of the
angles between the surface normal and the normal of these planes to estimate
the tilt angle of the molecule. EtX is studied in the present investigation,
hence there is only one CH2 plane. The computed tilt angles are presented in
Table 5.6. A closer packing of the adsorbed molecules, for instance, two ethyl
xanthate molecules at nearby surface sites, would probably result in shifts of
some vibrational frequencies. The intermolecular interaction would probably
also influence the average tilt angle. Such effects should be more prominent for
longer hydrocarbon chains. In a real system, the hydrocarbon chain rotates

Structure Tilt angle
(G1) Clean surface 22.7◦

(G2) H-terminated surface 28.8◦

(G3) H-terminated surface H at the vacant site 28.0◦

(G4) H-terminated surface O at the vacant site 29.9◦

(G5) H-terminated surface OH at the vacant site 27.2◦

(G6) H-terminated surface OH at the vacant site 49.6◦

Table 5.6: Tilt angles of the normal to CH2-plane of the adsorbed ethyl xan-
thate.

rapidly around its axis (∼ 1012 s−1). These rotations are around the line of the
first C-O bond (within the O-CS2 entity). During such rotation, the tilt angle
varies in an approximately sinusoidal manner. The hydrocarbon chain of the
geometrically optimized case with an OH group present was rotated in such
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a way that a maximum tilt angle was achieved. A geometrical optimization
was then preformed. This resulted in a structure with a 49.6◦ tilt angle and
0.046 eV (or 1.13 kcal mol−1) higher energy than the optimal structure. The
structure is referred to as G6. Hence, the energy required to rotate the hydro-
carbon chain is very small. In principle, there should be free rotation around
this bond. Hence, the tilt angle will be the average of all the angles formed
during a revolution. Our findings show that the angle to the surface normal
is larger than 27.2◦ (G5) and closer to the 47◦ found in the in situ studies of
adsorbed heptyl xanthate [95]. The large tilt angle obtain from FTIR-ATR
experiments may partly be explained by the attractive interaction between
hydrocarbon chains. It also indicates that the surfaces examined in the ex-
periments are not clean but hydroxylated Ge(111) surfaces. It was shown in
reference [95] that the alkyl chains of adsorbed heptyl xanthate were in the
all-trans conformation.

Methyl and Methylene Vibrational Modes

Vibrational frequencies and intensities (peak height) were calculated from the
geometrically optimized structures and visualized as spectra using the same
methods as in section 4.3.2. These spectra are presented in Figures 5.13, 5.14
and 5.15. The CH stretching region around 3000 cm-1 does not appear to be
appreciably affected by the termination of the surface or the type of bond
formed to the surface, Figure 5.13. The shifts indicated in the spectra (Fig-
ure 5.13) are less than 2%. However, both spectra where OH is in the vicinity
of the adsorbed EtX have a peak at 3200 cm-1. This mode does not appear in
the spectra of the other species. It is classified to be the stretching of the OH
bond where the H atom moved toward the S atom along the hydrogen bond.
Bending of the O-Ge bond also contributes to this vibration mode. This mode
could not be detected in our previous experimental work [136] because of the
presence of water. At about 2000 cm-1, there is a band in the computed spec-
trum of the hydrogen-terminated surfaces. This peak is not found in either
the vibrational investigation of the ion or the potassium/sodium salts of ethyl
xanthate [15], since it is a H-Ge stretching mode related to the hydrogen termi-
nation of the surface (not shown in Figure 5.13). The computed spectra of the
hydrogen-covered surface without ethyl xanthate contain two H-Ge stretching
modes at 1996 and 1998 cm-1, where the latter is about 100 times weaker. The
H-Ge stretching modes of germane (GeH4) were studied by Steward et al. as
early as 1935 [138]. They assigned the bands at 1988.7 and 2110.1 cm-1 as
symmetric and asymmetric stretching modes respectively.
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(G6) H terminated surface OH at the vacant site
maximum tilt angle

(G5) H terminated surface OH at the vacant site

(G4) H terminated surface O at the vacant site

(G3) H terminated surface H at the vacant site

(G2) H terminated surface

(G1) Clean surface

Figure 5.13: Computed vibrational spectra of the ethyl xanthate adsorbed on
Ge(111) surfaces in the 3300-2850 cm-1 region.

The Spectral Region 1500-700 cm-1

In the region 1500-700 cm-1, there is little difference between the computed
spectra, even though the intensities differ, the number of peaks is consistent,
and the relative shifts are small. Table 5.7 shows that G2, G3, G4, and G5
in most cases have identical classifications in this region. In most cases the
modes that mainly contribute to the intensity are the same, but the additional
low-intensity parts vary. However, there are some differences in the two spec-
tra representing different tilt angles (G5 and G6). The GeOH deformation
mode at 1027 cm-1 is shifted to 972 cm-1 for the maximum tilt angle conforma-
tion. The latter lacks the influence of C-O-C and C-C asymmetric stretching.
The CH2 rocking mode near 780 cm-1 is shifted down to 764 cm-1 for the G4
conformation compared with the others.
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(G6) H terminated surface OH at the vacant site maximum tilt angle

(G5) H terminated surface OH at the vacant site

(G4) H terminated surface O at the vacant site

(G3) H terminated surface H at the vacant site

(G2) H terminated surface

(G1) Clean surface

Figure 5.14: Computed vibrational spectra of the ethyl xanthate adsorbed on
Ge(111) surfaces in the 1500-700 cm-1 region.

G1 G2 G3 G4 G5 G6 Assigments
1436 1432 1434 1432 1434 1430 CH2 CH3 def
1415 1426 1423 1417 1420 1409 CH2 CH3 def
1404 1403 1406 1404 1404 1405 CH3 def
1352 CC COC stretch CH2 CH3 wag COC CS2 def

1350 1359 1359 1350 1354 CC COC stretch CH2 wag CH3 COC CS2 def
1312 1323 1330 1328 1319 1320 CH2 CH3 wag COC stretch CS2 sym stretch CS2 def
1227 CH2 CH3 twist

1252 1248 1265 1249 1239 CH2 twist COC asym stretch CS2 sym stretch CS2 def
1201 1205 COC asym CS2 sym stretch CS2 CC stretch

1204 1226 1218 1200 COC asym CS2 sym stretch CS2 def CH2 twist
1114 CC out of plane bend

1119 CC CS2 asym COC def
1107 1112 1116 1110 CC out of plane bend COC asym CS2 sym stretch CS2 def

1106 CC CS2 asym stretch COC def
1104 CC out of plane bend COC asym CS2 sym stretch CS2 def

1095 1103 1088 CC CS2 asym COC sym stretch COC CS2 def
1093 CC CS2 asym COC sym stretch COC CS2 GeOH def
1044 CC COC CS2 asym stretch COC CS2 GeOH def

1034 1056 1044 1047 1027 CC COC CS2 asym stretch
1039 CC CS2 asym COC sym stretch COC CS2 def
1013 CS2 CC asym stretch COC GeOH def

1013 1005 1006 CS2 CC asym COC sym stretch COC def
1002 CS2 asym stretch COC def

1000 CC CS2 COC sym stretch GeOH def
972 GeOH def CS2 asym stretch COC def
875 COC asym CS2 CC sym stretch CS2 def CH3 wag

868 COC asym stretch CS2 def CC stretch CH3 waf
853 COC CS2 asym stretch CH3 wag

850 854 858 CS2 COC CCC asym stretch CH3 wag
834 Ge-O stretch Ge-Ge-Ge def

787 CH2 CH3 rock COC out of plane bend
783 CH2 CH3 rock COC def CS2 asym stretch

786 764 784 788 CH2 CH3 rock

Table 5.7: Calculated vibrational frequencies in the 1500-700 cm-1 region and
their assignments for ethyl xanthate adsorbed on the Ge(111) surfaces. Out
of plane refers to either the COC plane or the OCC plane.
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The Spectral Region 700-250 cm-1

In the region 700-500 cm-1, the number of bands differs; especially noticeable
is the absence of peaks in the spectrum of G2, Figure 5.15. Most of the bands
in this region are related to atoms involved in the adsorption to the surface.
The peak at 650 cm-1 is a symmetric stretching of all bonds in the OCS2

complex as well as a deformation of the C-O-C bond angle. The C-OC-S2

out-of-plane bending mode, where the C in the CS2 and the oxygen atom are
bent out of the CS2 plane, is shifted downward with ∼ 30-40 cm-1 when an OH
group is present at the surface. In the 300-250 cm-1 region, where the Ge-Ge
stretching mode is dominant, there are no major shifts. However, the number
of bands varies with the G1 conformation just having three whereas G3 and
G4 have six bands located here. In the 250-150 cm-1 region, there exists a
number of high-intensity peaks, not shown in the spectra, mostly originating
from the stretching of Ge-Ge bonds within the surface. In this region, the
spectra of adsorbed ethyl or heptyl xanthate [21] are almost alike since there
are little or no contributions from the hydrocarbon tail. If surfaces without
ethyl xanthate are considered (not presented in the figures), the spectra of a
hydrogen-covered surface has four H-Ge bending modes observed at 559, 556,
554, and 547 cm-1. Below 275 cm-1, the Ge-Ge surface modes start to appear.
The clean unperturbed Ge(111) surface without any adsorption has a peak
close to 200 cm-1 and a low-intensity peak at 277 cm-1 originating from surface
modes. All other frequencies are below 100 cm-1.

250300350400450500550600650700

(G6) H terminated surface OH at the vacant site
maximum tilt angle

(G5) H terminated surface OH at the vacant site

(G4) H terminated surface O at the vacant site

(G3) H terminated surface H at the vacant site

(G2) H terminated surface

(G1) Clean surface

Figure 5.15: The 700-250 cm-1 region of computed vibrational spectra of ethyl
xanthate adsorbed on Ge(111) surfaces.
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G1 G2 G3 G4 G5 G6 Assignments
619 CS2 sym stretch COC def

644 GeO stretch GeOH def
645 CS2 asym stretch COC def

650 CS2 sym stretch COC Ge-S-C def
649 H-SC stretch CS2 sym COC Ge-S-C def
642 H-SC stretch CS2 sym COC Ge-S-C def

635 Ge-OH H-S stretch Ge-H def
631 Ge-OH stretch Ge-O-H def

624 Ge-H def
620 Ge-OH stretch Ge-O-H def CS2 sym stretch COC Ge-S-C def

611 CS2 sym stretch GeGeS COC OCC def Ge-OH torsion
566 Ge-H def

564 Ge-OH torsion
559 602 Ge-H def

570 Ge-OH torsion C in CS2 out of plane bend
551 546 543 559 Ge-H def

527 531 521 488 493 C-OC-S out of plane bend
499 CS2 asym stretch COC def COC out of plane bend
460 GeS asym stretch COC SCO def

449 CS2 GeS asym stretch SCO CS2 COC def
441 440 CS2 stretch GeGeS COC SCO GeSC def

438 CS2 Ge-S asym stretch COC def
435 CS2 stretch GeGeS COC SCO def

410 399 GeS stretch CS2 GeSC SCO OCC def
407 GeS stretch CS2 SCO OCC def

406 Ge-S-C OCC def
402 CS2 sym stretch Ge-S asym stretch OCC def

390 GeS stretch SCO OCC def
350 315 GeS stretch CS2 OCC def

349 GeS sym stretch SCS def
340 GeS stretch CS2 SCO OCC def

337 GeS asym stretch CS2 OCC def
284 Ge-Ge stretch Ge-O-H def

280 Ge-S O-CC asym stretch SCO asym def
278 S-Ge asym stretch

278 335 Ge-S stretch CS2 def
264 262 280 278 279 281 Ge-Ge stretch
258 249 278 274 273 279 Ge-Ge stretch

274 Ge-S stretch CS2 def
270 269 271 273 Ge-Ge stretch
268 263 266 269 Ge-Ge stretch
249 257 252 Ge-Ge stretch

Table 5.8: Calculated vibrational frequencies in the 700-250 cm-1 region and
their assignments for ethyl xanthate adsorbed on the various Ge(111) surfaces.
Out of plane refers to either the COC plane or the O-CS2 plane. Ge-OH torsion
implies a rotation of the OH group around the Ge-O bond.

5.2.3 Summary

The interaction between adsorbed ethyl xanthate on a clean Ge(111) surface
and a hydroxylated surface was studied, using first-principle density functional
theory. Geometrically optimized structures are presented and discussed. Re-
sults suggest a bidentate bridging conformation on a clean Ge(111) surface
whereas a monodentate bonding is preferred when the surface is saturated by
hydrogen atoms. Then the interaction with a hydroxylated surface was con-
sidered. The lowest energy configuration was obtained when xanthate binds
with one sulphur to the surface and with the other to an OH group adsorbed
on the surface with a OH-S hydrogen bond of 2.14 Å. A marker of the O-H-S
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stretching mode at 3200 cm-1 can be found in the computed spectra. However,
this marker can be difficult to use in an experimental study due to the strong
absorption of water in this region. Other markers to indicate adsorbed mole-
cules are found at 600–500 cm-1, see Table 5.8. Vibrational frequencies down
to 250 cm-1 were calculated and assigned to vibrational modes and presented
together with the calculated infrared spectra. Unfortunately, the in situ ex-
perimental approach used earlier [136] does not allow studies of this infrared
region, since the germanium crystal and the water outside the surface absorbs
too much energy. However, one possibility would be to adsorbed xanthates on
a Ge powder and then use diffuse reflectance to get an infrared spectrum ex
situ. The tilt angle of the hydrocarbon chain was also investigated.

5.3 Adsorption of Heptyl Xanthate on ZnS surfaces

Sphalerite—the cubic form of ZnS—has been studied in favour to its polytype
wurtzite, mainly due to its presence in Nature. The name Sphalerite originate
from the Greek word “sphaleros”, which means treacherous, an allusion to the
ease with which dark varieties were often mistaken for Galena, but yielded
no lead. Sphalerite is normally polluted by iron (typically 2%) replacing the
zinc. Sphalerite also occurs, in some localities, with significant amounts of cad-
mium, gallium and iridium, and it is an important ore for these substances.
ZnS is a II-VI semiconductor with a large direct bandgap of 3.91 eV at 0 K
and 3.6 eV at 300 K. The large bandgap makes it an attractive material for
use in high temperature environments, since a large bandgap reduces the ther-
mal conductivity. ZnS is used for IR windows and lenses in the thermal band
(8–14 μm) as a robust front aperture in thermal imaging systems, particularly
those subjected to harsh environments. In this work we consider the adsorp-
tion properties of the three main surfaces (100), (110), and (111) of a pure ZnS
crystal. ZnS has previously been studied by Write et al. using METADISE,
a semi empirical interatomic potential method, to investigate the stability of
different ZnS surfaces [37]. Their results showed that a clean (110) surface is
the most stable one, with lowest surface energy. However, they also illustrated
that the Zn rich (111)-surface could be made more stable with respect to the
(110)-surface by introducing vacancies at the surface. Similar computational
studies have been performed by Hamad et al. [38] using the MARVIN code,
and verified by density functional theory. Their calculations also showed the
ZnS(110) surface to have lowest surface energy. Experimental adsorption stud-
ies of collectors such as xanthates and other flotation chemicals on ZnS have
previously been performed by others [86, 89, 4].
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5.3.1 Calculations

The adsorption was modelled using supercells and all calculations were done
with AIMPRO using LDA and pseudopotentials. The models were constructed
in the same fashion as described earlier for the Ge surfaces. The supercells
are periodically repeated in three dimensions with a larger translation vector
(∼ 40 Å) in the direction of the surface normal. This creates a vacuum large
enough to contain safely the HepX molecule adsorbed on the surface. The
other two vectors are chosen such that a continuous surface is constructed.
The experimental determined lattice parameter of sphalerite is 5.4093 Å, we
have used a lattice parameter of 5.3394 Å, which is the computed lattice
parameter corresponding to the basis set used. The supercells are hydrogen
terminated on the opposite side of the surface of interest. The HepX molecule
is initially placed at a larger distance from the surface than is optimal. A
different number of atoms are used in the supercells depending on which of the
surfaces that are studied. Regardless of the model the calculation follows the
same scheme: the initial structures are first optimized with respect to energy,
then vibrational frequencies are calculated from the converged structure.

5.3.2 Results and Discussion

Heptyl Xanthate Adsorption on the ZnS(100) Surface

The clean, unperturbed ZnS(100) surface is more of academic interest since it
does not normally exist in Nature. Each surface atom has two dangling bonds;
therefore, it is highly reactive. Hamad et al. calculated the surface energy to
be 1.12 J m−2 for a Zn terminated ZnS(100) surface. It has the highest surface
energy [37, 38] compared with the other two surfaces, (110) and (111). Our
results predict that in contrast to the (110) and (111) surfaces the adsorbed
heptyl xanthate forms a bidentate binding to a ZnS(100) surface. In [86] it is
suggest that bridging is the dominant conformation. This is supported by our
findings, since the clean ZnS(100) surface is not commonly found in Nature,
and it is the only one that we found not to have a bridging conformation
of the adsorbed xanthate. In our simulations we use a supercell containing
170 atoms, including the 26 atom of the heptyl xanthate. A k-point grid of
[323] was used, which resulted in a total of nine k-points. The S-C-S angle in
the heptyl xanthate is 122.9◦ with S-Zn bond lengths of 2.34 and 2.36 Å. The
opposite S-Zn-S bond angle is 81.2◦ in comparison to the S-Zn-S angles for the
nearest surface atoms (111.3◦), see Figure 5.16. The theoretical bulk value for
ZnS is 109.47◦ and the Zn-S distances 2.31 Å. As evident from Figure 5.16, the
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Figure 5.16: Geometrically optimized ZnS(100) surface supercell with ad-
sorbed heptyl xanthate viewed from different directions.

two sulphur atoms from the heptyl xanthate molecule have the same height
above the surface.Hence the main contribution to the tilt angle originates from
the C-O-C angle which is 117.0◦, the S-C-O angle 121.3◦, and the O-C-C angle
107.7◦.

Heptyl Xanthate Adsorption on the ZnS(110) Surface

According to surface energy calculations performed in reference [38] the
ZnS(110) surface has the lowest surface energy, 0.53 J m−2. Even though
the ZnS(110) surface has the lowest surface energy it is not always observed
in external crystal morphology. For grown crystals it is more common to see
external ZnS(111) surfaces [139]. The clean ZnS(110) surface will relax it self
from the initial perfect structure to a structure where the surface Zn atoms
are drawn inwards and the corresponding surface sulphur atom pushed out-
wards. This results in an increased bond angle of a Zn-S surface atom pairs.
This phenomena have previously been observed by others [37, 38, 20]. The
ZnS(110) surface is, in contrast to the (100) and (111) surfaces, not a polar
surface, since the surface contains as many Zn atoms as S atoms. Adsorption
of heptyl xanthate has been studied by introducing the collector molecule to
a perfect unrelaxed surface. Then the whole system were minimized with re-
spect to energy. Figure 5.17 shows the final result of the relaxation, where
the bridging bond structure is clearly visible. As evident from Figure 5.17
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(a) (b) (c)

Figure 5.17: Geometrically optimized ZnS(110) surface supercell with ad-
sorbed heptyl xanthate viewed from different directions.

the sulphur atoms of heptyl xanthate moves to about the same coordinates as
where the sulphur atoms of a continuous bulk would have been. The distance
from the heptyl xanthate sulphur atoms to the nearest zinc atom is 2.31 and
2.34 Å, the latter distance for the one “below” the hydrocarbon chain. The
two adjacent zinc atoms at the surface are stretched out from their position
towards the corresponding sulphur atoms of the heptyl xanthate. The result-
ing S-C-S angle is 135◦, the S-C-O angle is 108.7◦ and 116.1◦, see Table 5.19
for more details.

Heptyl Xanthate Adsorption on the ZnS(111) Surface

The ZnS(111) surface is a polar surface with one dangling bond at each surface
site. As mentioned earlier, the ZnS(111) surface is most commonly observed
when the ZnS crystal is grown [139]. This despite the fact that it does not have
the lowest surface energy 0.87 Jm−2 [38]. In Nature, sphalerite is often found
in a tetrahedral or dodecahedral form displaying the (111), (122), and (110)
surfaces. However, for the ZnS(111) surface to be dominant it must reduce its
surface energy and do so, according to [37], by introducing point defects. The
surface suffers from a small relaxation with a small increase in the distance
between the layers. Heptyl xanthate chemisorbs to the surface in a bridging
fashion as indicated by the experimental results [89, 86], and also indicated
with ethyl xanthate on Au(111) surfaces in [9]. The xanthate molecule did not
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(a) (b) (c)

Figure 5.18: Geometrically optimized ZnS(111) surface supercell with ad-
sorbed heptyl xanthate viewed from different directions.

place itself straight above the two surface zinc atoms as one would suspect,
but rather in a twisted manner to mimic the position of sulphur atoms within
the bulk, see Figure 5.18. The sulphur to surface zinc atom distance is 2.31
and 2.35 Å, respectively. Even though the distance to the surface is almost
symmetric the S-Zn-S angle from the molecule down to the nearest zinc and
sulphur atoms is calculated to 104.8◦ and 92.2◦ and the corresponding Zn-S-C
angles are 110.8◦ and 100.8◦, respectively. We have also studied what effects
hydrogen coverage of the surface have on the adsorbed collectors (ethyl xan-
thate in this case). The effects are different from the Ge(111) surface studied
earlier. Here ethyl xanthate chemisorbs in a monodentate conformation to the
surface and “steals” a hydrogen from a neighbouring Zn-surface atom. The
“stolen” hydrogen is placed in the S-C-S plane between the two sulphur atoms
bonded to the sulphur atom not attached to the surface. Both the initial
and geometrically optimized results of the previous investigations of the clean
ZnS(111) surfaces were hydrogen terminated and used as initial structures.
Regardless of which the same conformation was found. One of the reason may
be the ionic bond character in the ZnS crystal. Hence, not like the Ge(111)
surface, which have pure covalent bonds within the crystal.
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Geometrical Structure

Figure 5.19: Stripped down and labelled version of heptyl xanthate adsorbed
on the ZnS(100), (110), and (111) surfaces.

In Figure 5.19 the adsorbed species are shown in more detail. Studying the C-
S-C angle, it can be seen that HepX adsorbed on the ZnS(100) and ZnS(111)
surfaces have most similarities in geometry. However, when heptyl xanthate is
adsorbed on a ZnS(110) surface the C-S-C angle is increased to 135◦, whereas
it is 122.9◦ and 126.0◦ when adsorbed on a ZnS(100) and (111) surfaces, re-
spectively. The S-C-S angles are 127.7◦ and 128.1◦ for the HepX anion and the
KHepX salt. In Table 5.9 some important bond lengths and angles are pre-
sented. Due to its importance for the hydrophobic properties, the tilt angles

Atoms 100 110 111
C1-O-C2 117.0◦ 120.3◦ 118.0◦

S1-C-S2 122.9◦ 135.0◦ 126.0◦

S1-C2-O 115.8◦ 108.7◦ 113.0◦

S2-C2-O 121.3◦ 116.1◦ 120.8◦

Zn1-S1-C2 79.3◦ 118.1◦ 110.8◦

Zn2-S2-C2 77.8◦ 114.7◦ 100.8◦

C1-O 1.42 1.42 1.41
O-C2 1.34 1.34 1.37
C2-S1 1.71 1.71 1.73
C2-S2 1.74 1.71 1.73

S1-Zn1 2.32 2.34 2.35
S2-Zn2 2.36 2.31 2.31

Table 5.9: Bond lengths and angles of the heptyl xanthate head group when
adsorbed on a ZnS(100), (110), and (111) surfaces.
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have also been calculated. Tilt angles of adsorbed HepX have previously been
determined by others using experimental techniques [86, 7, 137]. In addition
to the method presented in section 5.2.2—where the CH2 planes are used—
another method is developed. In this method the tilt angle is defined as the
angle between the surface normal and the vector which best approximates to
the direction of the hydrocarbon chain. To compute the vector representing
the hydrocarbon chain a coordinate matrix A with Cartesian coordinates of
all atoms is formed. The positions are weighted by their corresponding atomic
mass. Then, for the best approximation we use singular value decomposition.
The algorithm for this is as follows.

• Calculate the centre of mass c of the matrix A.

• Shift the coordinates to be centred around the centre of mass c, so that
B = [ax − cx, ay − cy, az − cz], where ai are the columns in A, and cj the
coordinate for the centre of mass.

• Calculate the singular value decomposition USV T = BT .

• Calculate the tilt angle α from the first singular vector v which corre-
sponds to the largest singular value by α = 180

π arccos( [010]•v
‖v‖ ). Notice

that the normal to the surface is parallel to the y-axis, hence the term
containing [010].

When the matrix A is constructed it is only the hydrocarbon chain that is con-
sidered not the sulphur atoms of the HepX. With this definition the molecule
axis is not defined to go through any specific atom just to be the best approx-
imation of the spatial distribution of the atoms in the molecule. Using this
technique the tilt angle of the adsorbed HepX have been calculated to 20.3◦,
20.6◦ and 25.2◦ for the ZnS(100), (110) and (111) surface complexes respec-
tively. The result 25.2◦ of the (111) surface is in reasonable agreement with the
results obtained, 28.5◦, in [7] and also supported by the angle, 28◦, obtained
when combining the results from [11] and [4]. The differences between these
calculations mainly arise from the different definition of tilt angles. In [7] the
angle was defined to go through only the carbons in the hydrocarbon chain.
In [137] the tilt axis was defined to pass through the carbon of the CS2 en-
tity. In our case the molecular axis is defined to pass through the centre of
mass. Our findings states that the angle to the surface normal is more acute
then the 44 ± 5◦ found in the ex situ studies [86]. In the in situ study of the
same work they report the orientation to be close to random with a tilt angle
of 50 ± 2.5◦ for the non activated ZnS surface. The increased tilt angle can
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partly be explained by the tendency of the hydrocarbon chain to extend into
each other due to hydrophobicity. This may indicate that the surfaces exam-
ined in the experiments are not clean ZnS(111) surfaces, an assumption which
is most likely. Another explanations is that the alkyl chains are not all-trans
but gauche, hence all CH2 planes are not perpendicular to the molecular axis.
It may also be due to the rotation of the hydrocarbon chain. In addition to
the method described above, we also used the technique from section 5.2.2.
This approach uses the average of the angle between the surface normal and
the normal of the CH2 planes to define the tilt angle. This approach is more
closely related to the experimental method used in [86]. The calculations of
the normal to each of the CH2 planes resulted in the following tilt angles, see
Table 5.10. Here it is obvious that the first CH2 has a much larger tilt angle,
and further out in the alkyl chain the tilt angle decreases, hence the chain
becomes more and more parallel to the surface normal.

Id nr 100 110 111
1 23.9 23.0 30.6
2 17.9 17.2 24.4
3 19.2 19.4 23.8
4 18.7 19.7 22.4
5 18.7 20.3 21.1
6 18.0 19.8 20.3

Mean 19.4 19.9 23.8

Table 5.10: Tilt angles of each CH2-plane in the hydrocarbon chain numbered
from the oxygen atom and outwards.

The 3100–2800 cm-1 Band

Vibrational frequencies of HepX adsorbed on the three surfaces of ZnS have
been calculated and classified. The surfaces studied show differences in the
high frequency region. In the symmetric and asymmetric stretching of the
CH2 and CH3 bonds, a split of the peaks is observed in the computed spec-
trum of HepX adsorbed on the ZnS(110) surface. This indicates that the CS2

angle affects the vibrational modes in this region more than the type of bond,
bridging or monodentate. In each of the three spectra presented in Figure 5.20
there are a total of fourteen vibrational bands present.
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HX at ZnS(111) surface
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Figure 5.20: Computed vibrational spectra within the 3100–2800 cm-1 region
of heptyl xanthate adsorbed on ZnS(100), (110) and (111) surfaces.

The 1500–1200 cm-1 Band

In the 1500–1200 cm-1 region shown in Figure 5.21 one can notice a frequency
shift of about 30 cm-1 for the peaks at 1450–1400 cm-1 in the spectrum of
the (110) surface, as compared with the other two. It was previously shown
(section 5.1) that vibrational frequencies within this region mainly consist of
contributions from the hydrocarbon chain and not from the head group, i.e.
deformation of CH2.

1200125013001350140014501500

HX at ZnS(111) surface

HX at ZnS(100) surface

HX at ZnS(110) surface

Figure 5.21: Computed vibrational spectra within the 1500–1200 cm-1 region
of heptyl xanthate adsorbed on ZnS(100), (110) and (111) surfaces.
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The 1200-400 cm-1 Band

Previous investigations of the germanium surfaces (section 5.1 and 5.2) found
the region below 1200 cm-1 to be especially interesting for adsorption studies.
Our efforts are therefore concentrated here. In the region 1200–1000 cm-1

the vibrational frequencies have their main contribution from the CS2, COC,
OCC and CCC entities (see Table 5.11). The vibrational bands between 880
and 680 cm-1 are dominated by rocking modes of the CH2 groups. At around
700 cm-1all three bands appears in the ZnS(100) spectrum but in the other two
spectra the bands coincide and only two peaks appear. It is only when heptyl
xanthate is adsorbed on the ZnS(110) surface that vibrational frequencies
appear in the 600–500 region. This observation could be used as a marker
of which surface preferably adsorbs xanthates. The CS2 group is affected
by the adsorption. Due to steric hindrance the intensity compared to the
free molecule is reduced. This phenomenon was also noticed for the Ge(111)
surface. It is only in the region around 400 cm-1 and below that the surface
modes starts to contribute. Assignments of vibrational modes to calculated
frequencies within the 1200–400 cm-1 region can be found in Table 5.11

400500600700800900100011001200

HX at ZnS(111) surface

HX at ZnS(100) surface

HX at ZnS(110) surface

Figure 5.22: Computed vibrational spectra of the 1200–400 cm-1 region of
heptyl xanthate adsorbed on ZnS(100), (110), and (111) surfaces.
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ZnS(100) ZnS(110) ZnS(111) Assignments
1206 1206 COC asym stretch CS2 def CH2 twist

1198 CH2 twist
1192 COC asym stretch SCS def

1188 COC asym stretch SCS def CH2 wag
1183 COC asym stretch SCS def CH2 wag

1180 CH2 wag COC CS2 def
1166 1162 CH2 twist and rock CCC out of plane bend
1136 CH2 rock CCC out of plane bend

1156 CH2 wag/rock COC asym stretch CS2 def
1150 COC CC asym stretch CS2 sym stretch CS2 def
1130 CCC def CC sym stretch COC asym stretch CS2 asym stretch

1129 CCC COC sym def CS2 asym stretch
1125 CCC sym def CH2 sym stretch

1120 COC asym stretch CS2 sym stretch CS2 def CC asym stretch CCC def
1118 COC asym stretch CH2 rock CCC out of plane bend
1086 CC stretch CS2 asym stretch COC def

1085 CC 1 stretch COC def
1079 1081 CC stretch

1181 CH2 wag COC asym stretch CS2 sym stretch
1072 CC asym stretch CS2 asym stretch COC asym stretch

1069 CC stretch CS2 sym stretch COC def
1065 COC asym stretch CS2 sym stretch CS2 def CC asym stretch CCC def

1057 CC stretch
1057 CS2asym stretch COC asym stretch CC stretch

1047 1047 1039 CC stretch COC CS2 asym stretch COC def
1026 1017 CC stretch COC asym CS2 sym stretch SCS def
1005 1035 CC stretch COC CS2 asym stretch COC def

1026 CC stretch COC sym CS2 asym stretch
981 1001 COC sym CS2 asym stretch CC stretch

981 CH2 rock and twist CS2 asym stretch COC def
978 971 CH2 rock and twist

946 CS2 asym stretch COC sym stretch COC def CC stretch
926 CS2 asym stretch COC def S and O fixed
893 889 889 CC stretch
886 CC stretch CH3 wagging

881 CC stretch CH2 twist and rock
879 CH2 rock CCC out of plane bend

800 CH2 rock
735 790 800 CH2 rock CCC out of plane bend

729 735 CH2 rock CS2 sym stretch COC asym stretch
720 696 697 CH2 rock
705 688 694 CH2 rock

641 CS2 sym stretch COC def Zn-CS2 sym stretch
618 CS2 sym stretch CS-Zn-SC COC CCC def

608 CS2 sym stretch COC OCC def
533 O and C (in CS2) asym out of plane bend Zn-CS2 sym stretch
518 COC def C-S and Zn-CS2 asym stretch

498 CS2 Zn-SC2 asym stretch SCO COC CCC def
492 CS2 asym stretch COC CCC def

463 Zn-CS2 asym stretch ZnSC CCC def
458 CS2 asym stretch COC CCC def

455 CS2 Zn-SC asym stretch SCO COC CCC def
432 CS2 asym Zn-CS sym stretch ZnSC def

415 CS2 sym stretch CS-Zn-SC COC CCC def
413 Zn-SC asym stretch CCC def

403 O and C (in CS2) asym out of plane bend
403 CS2 COC def Zn-CS2 CSZn-S-ZnSC sym stretch

Table 5.11: Calculated vibrational frequencies and their assignments of heptyl
xanthate adsorbed on ZnS(100), (110), and (111) surfaces. The 1200–400 cm-1

region.

5.3.3 Summary

The studies of adsorbed heptyl xanthate on the three surfaces of ZnS reveals
a shift of highest mode appearing in the fingerprint region. These modes are
assigned as CH2 deformation modes located at 1452, 1425, and 1458 cm-1 for
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the ZnS(100), ZnS(110) and ZnS(111) surfaces, respectively. Experimental
studies of heptyl xanthate adsorbed on a specific crystal plane could, together
with this observation, render useful information about adsorption. This is
especially true for the studies of xanthate adsorption on ZnS powder suggested
earlier. Such a study may result in information about which crystal plane is
preferred by the xanthate molecule in a real flotation system.

5.4 Conclusions

This investigation of the adsorption of ethyl and heptyl xanthate on Ge(111)
and ZnS(100), ZnS(110), and ZnS(111) surfaces demonstrates their different
chemical properties. Germanium has a mainly covalent character whereas
ZnS is ionic in nature, similar to a II-VI semiconductor. Naturally, this influ-
ences the adsorption and thereby the infrared spectra of the adsorbed species.
in situ ATR-FTIR and density functional theory are employed to study the
adsorption process of heptyl xanthate on a clean germanium surface. The
contributions in this chapter shows xanthate most likely forms a bidentate
bridging structure bound to a clean Ge(111) or ZnS(111) surface. However,
if the Ge(111) surface is hydroxylated a monodentate bonding is preferred.
In this case the xanthate seems to prefer adsorption near a OH group. The
DFT calculations provide the means to classify significant peaks in the ex-
perimentally observed spectra. The present investigation shows the versatility
of modern modelling approaches, where large atomic systems can be studied
efficiently at an ab initio level of theory. This can be taken as a proof of con-
cept. DFT in combination with pseudopotentials is an efficient and accurate
approach for modelling surfaces and adsorption. In combination with surface
sensitive techniques, such as ATR-FTIR, it becomes a very powerful tool for
surface studies.
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Chapter 6

Summary and Conclusion

This work reports the results of an investigation of structural and vibrational
properties of both ethyl and heptyl xanthates. Their corresponding sodium
and potassium salts are also studied. Calculations are performed with a
variety of basis sets and different methods. Both structural properties as
well as vibrational frequencies are presented together with assignments of
vibrational modes and comparison to experimental data. It is concluded that
results from DFT and MP2 calculations are more accurate than the SCF
method which is simpler, but the choice of basis set is also important. A
poor basis set will not be compensated by a better method and vice versa.
The geometrical optimization done with DFT using the LDA are in excellent
agreement with results obtained using the B3LYP functional. Remarkably,
in this case, the vibrational frequencies calculated using the LDA are closer
to the experimental data. However, geometrical conformations close in
energy often needs the aid of B3LYP to resolve the correct energy ordering.
Furthermore, when larger molecules are considered it can be feasible to use
B3LYP: each iteration takes longer, but the convergence is faster; thus, the
total computational time is shorter.

Perhaps the most significant result of this work is that chemical prop-
erties, such as geometrical structures, and infrared vibrational frequencies
and intensities, can be calculated accurately and efficiently using DFT in
combination with the local approximation and pseudopotentials. Within
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this approach chemical properties of very large molecules—for example
biochemical molecules—can be calculated. Another significant success is
the large scale ab initio simulation of adsorption on surfaces. Results are
efficiently obtained from surface models with over 200 atoms.

Adsorption of ethyl and heptyl xanthate on germanium surfaces are
modelled. On a clean Ge(111) surface, the xanthate forms a bridging bond to
the surface. Vibrational frequencies of heptyl xanthate adsorbed on a clean
Ge(111) surface are compared with infrared spectra obtained from ATR-FTIR
investigations, and found to be in good agreement. This shows clearly that
the combination of surface sensitive techniques and ab initio modelling is a
fruitful combination from which much important information can be gained.
Furthermore, the influence of surface coverage are also studied by adsorbing
H atoms and OH radicals in the neighbourhood of the adsorbed xanthate.
This results in a monodentate attachment of ethyl xanthate on the Ge(111)
surface when it is covered by hydrogen atoms. A detailed investigation of
the structure reveals that there is a local minimum with a tilt angle of 49.6◦,
and only 0.046 eV (or 1.13 kcal mol−1) higher energy than the optimal state,
which has a tilt angle of 27.2◦.

Adsorption of heptyl xanthate on ZnS(100), ZnS(110) and ZnS(111)
surfaces are also studied. The results show that the chemisorbed heptyl
xanthate to form a bidentate bond to a ZnS(100) surface, and bridging
conformations to the other two. The geometrical structure of the adsorbed
xanthate, compared with the anion, is mostly preserved when adsorbed on
a ZnS(111) surface, where it is almost unperturbed by the presence of the
surface. An increase in the S-C-S angle occurs that is about 7◦ more than 128◦

(i.e. 135◦) to compensate for the larger Zn-Zn distance when adsorbed on a
ZnS(110) surface. It is only when heptyl xanthate is adsorbed on a ZnS(110)
surface that vibrational frequencies appear in the 600-500 cm-1 region. This
effect could be used as a marker to determine which surface preferentially
adsorbs xanthates. Calculations of the tilt angle are presented using two
different methods. Using the first principal vector from the singular value
decomposition (section 5.3.2), the results for tilt angles of HepX adsorbed
on ZnS(100), ZnS(110), and ZnS(111) surfaces are 20.3◦, 20.6◦, and 25.2◦,
respectively. The result for a ZnS(111) surface of 25.2◦ is in reasonable
agreement with the experimental determination of the tilt angle in [7] (28.5◦),
where xanthates were adsorbed on a sulphidized gold surfaces. It is also in
agreement with the value 28◦ that is obtained when combining the results
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from [11] and [4]. The angle to the surface normal in the present calculations
is more acute that the one found in experimental investigations [86]. This
can partly be explained by tendency of the hydrocarbon chain to extend
into each other due to hydrophobicity. However, it may also indicate that
the surface examined in the experiments was not clean. The model, low
temperature, and vacuum also influence the tilt angle. Another explanation
is that the alkyl chain is not all-trans but gauche, and hence does not have
all of its CH2 planes perpendicular to the molecular axis. The rotation of
the hydrocarbon chain will also influence the tilt angle. As shown during the
investigations of the germanium surface, there are low energy conformations
of the hydrocarbon chain with higher tilt angles. Also calculated is the tilt
angle of each CH2 plane. This shows decrease in tilt angle further along the
hydrocarbon chain; hence, the chain progressively becomes more parallel to
the surface normal.
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Chapter 7

Future work

The combination of calculations based on ab initio density functional theory
and pseudopotentials with advanced experimental studies works well and
should be further explored.

There is a need for more studies of surfaces that are covered by hydro-
gen, oxygen, water, carbon(di)oxide, or other interesting compounds which
can interact with the adsorption of xanthates, or other surfactants, and thus
may effect the flotation properties.

Initial studies of copper activation of the ZnS surface have been per-
formed; however, there is still much to do within this area, especially its effect
on the adsorption. It would also be interesting to study surfaces of PbS. This
surface is much more computationally demanding than ZnS since the valence
electrons of Pb includes f -orbitals.

The present work employs a total energy minimization method, which
assumes that the system under study has a low temperature. To study
systems at higher temperatures it may be necessary to use methods based on
molecular dynamics or time dependent DFT. Application of these formalisms
to the models considered here is likely to be the best way to proceed with
this.
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In [14] it is suggested that the highest occupied molecular orbital (HOMO)
might be a good reactivity descriptor of the flotation abilities of thiol
collectors. One idea that may be worth pursuing is to combine this proposal
with the type of large surface calculations done here, with the eventual goal
of providing a classification scheme for collectors. Hence, this would assist in
the search for more efficient and more selective collectors.

In Chapter 5 the vibrational band 1000-200 cm-1 is concluded to be of
particular interest. Therefore, further experimental studies of this region by,
for instance, diffuse reflectance infrared spectroscopy, are recommended in
spite of the challenges this presents.

Further studies of zinc-dialkyldithiophosphates and their interaction with
iron would be much beneficial, especially since it would result in a deeper
understanding of its role as lubricant additives.

146



Bibliography

[1] S. Ramachandra Rao. Xanthates and Related Compounds. Dekker, 1971.

[2] M. L. Larsson, A. Holmgren and W. Forsling. Xanthate Adsorbed on
ZnS Studied by Polarized FTIR-ATR Spectroscopy. Langmuir, 16:8129–
8133, 2000.

[3] M. L. Larsson, A. Holmgren and W. Forsling. Structure and Orientation
of Collectors Adsorbed at the ZnS/Water Interface. Journal of Colloid
and Interface Science, 242:25–30, 2001.

[4] M. Valli. On the Sorption of Some Soft Ligands on Sulphuric Mineral
Surfaces. PhD thesis, Swedish University of Agricultural Sciences, De-
partment of Chemistry, 1994. ISBN:91-576-4816-6.

[5] J. O. Leppinen, C. I. Basilio and R. H. Yoon. In-Situ FTIR Study
of Ethyl Xanthate Adsorption on Sulphide Minerals under Condition
of Controlled Potential. International Journal of Mineral Processing,
26:259–274, 1989.

[6] J. O. Leppinen. FTIR and Flotation Investigation of the Adsorption
of Ethyl Xanthate on Activated and Non-Activated Sulphide Minerals.
International Journal of Mineral Processing, 30:245–263, 1990.

[7] A. Ihs, K. Uvdal and B. Liedberg. Infrared and Photoelectron Spec-
troscopy Studies of Ethyl and Octyl Xanthate Ions Adsorbed on Metallic
and Sulfidized Gold Surfaces. Langmuir, 9:733–739, 1993.

147



[8] A. Ihs and B. Liedberg. Infrared Study of Ethyl and Octyl Xanthate
Ions Adsorbed on Metallic and Sulfidized Copper and Silver Surfaces.
Langmuir, 10:734–740, 1994.

[9] P. Talonen, G. Sundholm, W.-H. Li, S. Floate and R. J. Nicholson.
A Combined In Situ Infrared Spectroscopy and Scanning Tunnelling
Microscopy Study of Ethyl Xanthate Adsorption on Au(111). Physical
Chemistry Chemical Physics, 1:3661–3666, 1999.

[10] M. L. Larsson , A. Fredriksson and A. Holmgren. Direct Observation of a
Self-Assembled Monolayer of Heptyl Xanthate at the Germanium/Water
Interface: A Polarized FTIR Study. Journal of Colloid and Interface
Science, pages 345–349, 2004.

[11] N. B. Colthup, L. P. Powell. Vibrational Analysis of Alkyl Xanthates.
Spectrochimica Acta A, 43(3):317–322, 1987.

[12] J. A. Tossell. Theoretical Studies of Xanthates, Dixantogen, Metal Xan-
thates, and Related Compounds. Journal of Colloid and Interface Sci-
ence, 155:98–107, 1993.

[13] M. Porento and P. Hirva. Theoretical Studies on the Interaction of
Anionic Collectors with Cu+,Cu2+, Zn2+ and Pb2+ Ions. Theoretical
Chemistry Accounts, 107:200–205, 2002.

[14] H. Yekeler and M. Yekeler. Reactivities of some Thiol Collectors and
Their Interactions with Ag(+1) Ion by Molecular Modeling. Applied
Surface Science, 236:435–443, 2004.

[15] P. Hellström, A. Fredriksson, S. Öberg and A. Holmgren. A Theoretical
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[48] G. Schürer and W. Peukert. Prediction of Adsorption Equilibria from
Physical Properties of the Pure Components. Adsorption, 11:43–47,
2005.

[49] V. I. Avdeev and G. M. Zhidomirov. Modeling the Active Centers
of V2O5/SiO2 and V2O5/TiO2 Supported Catalysts. DFT Theoreti-
cal Analysis of Optical Properties. Journal of Structural Chemistry,
46(4):577–590, 2005.

[50] M. N. Mikhailov, G. M. Zhidomirov and Yu Krylova. Interaction of Co6

Cluster with γ-alumina Surface: A Quantum Chemical Study. Russian
Chemical Bulletin, International Edition, 54(10):2264–2269, 2005.

[51] L. F. Alzate, C. M. Ramos, N. M. Hernández, S. P. Hernández and N.
Mina. The Vibrational Spectroscopic Signature of TNT in Clay Miner-
als. Vibrational Spectroscopy, 42:357–368, 2006.

151



[52] I. Arvidsson and K. Larsson. Adsorption of H, NHx, BHx and BBrx on
a (110) Surface of c-BN:A Quantum-Mechanical Study. Diamond and
Related Materials, 16:131–137, 2007.

[53] W. Ma and Y. Fang. Experimental (FT-IR) and Theoretical (DFT)
Studies on the Adsorption Behavior of p-Nitroaniline (PNA) on Gold
Nanoparticles. Journal of Nanoparticle Science, 8:761–767, 2006.

[54] M. Calatayud and C. Minot. Reactivity of the V2O2 − TiO2-Anastes
Catalyst: Role of Oxygen Sites. Topics in Catalysis, 40:17–26, 2006.

[55] I. Czekaj, G. Piazzesi, O. Kröcher and A. Wokaun. DFT Modeling of
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[82] D. R. Hamann, M Schlüter, and C. Chiang. Norm-Conserving Pseudopo-
tentials. Physical Review Letters, 43(20):1494–1497, 1979.

[83] M. Dolg. Effective Core Potentials, volume 3. John von Neumann In-
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