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Preface
”If you want to build a ship, don’t drum up people
together to collect wood and don’t assign them tasks and
work, but rather teach them to long for the endless
immensity of the sea”.
Antoine de Saint-Exupéry,
in The Little Prince (1943).

In the last decades of the twentieth century and the first decade of the
twenty-first century global society has witnessed almost stunned the rapid
increase in the speed that we share and store information. This social and
cultural phenomenon is directly related to the increase in the world population and its respective needs of energy and resources. Before the industrial revolution, the ontological relationship between science and society was
considered a mere intellectual exercise. Later developments in philosophical
thought and changes in Western political structures led to consider science
as a direct change factor and not just an epistemological product.
The door of the twentieth century opened with a disappointing and consensual idea in the scientific community: The end of any new scientific knowledge. Paraphrasing two eminent researchers of that century, influential on
either side of the Atlantic Ocean:
“There is nothing new to be discovered in physics now. All that remains
is more and more precise measurement.” attributed to Sir William Thomson
(Lord kelvin) in an address to the British Association for the Advancement
of Science in 1900. And,
“The more important fundamental laws and facts of physical science have
all been discovered, and these are so firmly established that the possibility
of their ever being supplanted in consequence of new discoveries is exceedingly remote.. . . [I]nstances might be cited, but these will suffice to justify the
statement that ”our future discoveries must be looked for in the sixth place
of decimals.” ” attributed to Albert Michelson in 1903.
iii

This reductionist view of knowledge was a product of the classical thought
born under the antagonistic ideas offered by the dominant conceptions of the
empiricism and rationalism prevailing in the eighteenth and nineteenth centuries: Positivism. Fortunately, the history has showed us through the first
decades of the twenty century that a set of new Paradigm shifts 1 which have
triggered an avalanche of new discoveries and theories able to drive the society in new dynamical processes powered by the technological revolution and
the intrinsic internal economic forces: knowledge-based economy.
One of this paradigms was born on the exciting explosion of new fields of
science occurred in the last century: the Quantum mechanics. This branch
of the science caused a revolution in the way that we perceive and understand
the reality at microscopical scale. Thanks to this, we were able to describe,
manipulate, tailor and predict the properties of known materials with highly
accuracy and even create new forms of matter with specific properties, the
twenty century attended to the birth of one of the son of quantum mechanics
a new field of knowledge called nanotechnology. In that regard, it’s worth
to mentioning the words by P.A.M Dirac in 1929[59]
“The general theory of quantum mechanics is now almost complete, the
imperfections that still remain being in connection with the exact fitting in of
the theory with relativity ideas.. . . The underlying physical laws necessary for
the mathematical theory of a large part of physics and the whole of chemistry
are thus completely known, and the difficulty is only that the exact application of these equations leads to equations much too complicated to be soluble.
It therefore becomes desirable that approximate practical methods of applying
quantum mechanics should be developed, which can lead to an explanation of
the main features of complex atomic systems without too much computation.
”
And this is what the following story deals with, about a little contribution
in the immense area of nanotechnology by using a successful computational
reformulation of quantum mechanics based on the electronic density instead
the electronic wavefunction. We expect that this set of pages bring to the
clueless or expert readers to a novel and fruitful experience in at least a little
proportion to the effort invested to write them.

San Sebastián-Donostia, May of 2013.
1
Term coined by Thomas Kuhn in his book The Structure of Scientific Revolutions
(1962).
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Chapter 1

Introduction
Lasciate ogne speranza, voi ch’intrate
(Abandon hope, all ye who enter here).
Dante Alighieri,
in The Divine Comedy (1308-1321).

In the last decades the society has watched in astonishment how the
science has become a fundamental part of the daily life due to the everyday
more efficient, fast, safe and cheap technological devices. This advance has
been mainly thanks to the modern tools and the available experimental techniques which have reached the ability to control the size, composition and
functionality of matter and also to perform a complete and more accurate
characterization of its physical and chemical properties. Simultaneously,
with the rapid evolution of theoretical methodologies based on the quantum
mechanics and the support of computational resources, the scientific research
has been able to design, predict and extract valuable information of finite
and extended systems every time larger and complex. In more realistic cases
the complexity of the theoretical problem to solve can be a challenge and a
high computational power can be required. In the experimental side, sometimes the description is also a hard task, which increases the importance of
having theoretical and computational tools due to its capacity to interpret,
complement and guide the experimental methodology.
Following the established above, the study of the electronic structure is of
particular relevance in the scientific community. In this field, the first principles (or ab initio) methodologies have emerged as a bottom up approach
to science and one of the main and more successful theoretical alternative,
in particular, for the description of the ground-state properties. Experi-
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mentally the access to this fundamental information is performed through
spectroscopic techniques which have the capacity to investigate the physical
and chemical properties of any system. Through one external (mechanical,
electric, magnetic, optical, etc) perturbation and the analysis of the subsequent response is possible to elucidate the nature and properties of the
internal electronic dynamic of the studied material. In particular, has been
of strategic interest the experimental research for cutting-edge science with
photons. For such purpose a large infrastructure of synchrotron sources is
being built around the world. With these facilities and its capability to generate monochromatic radiation in wide range of energy (from the UV/Vis to
X-rays) that combined with new spectroscopic tools the investigation and
characterization have been extended to novel phenomena and materials beyond the frontiers of the actual science and industry. From the theoretical
counterpart, these experimental methods where the systems respond after
being irradiated with photons (an external electromagnetic perturbation)
are not well described by means of ground-state theories because in this
case a time-dependent perturbation must be considered. Then, the development of new methodologies for the study of the excited states becomes of
paramount importance.
One of the main progress in the last years for the description of the
electronic excited states is the denominated Theoretical Spectroscopy (term
introduced by the Nanoquanta Network, that have become the European
Theoretical Spectroscopy Facility (ETSF)1 ). The main scope in this new
field is the development and study through theoretical and computational
methodologies of the excited state properties in finite and extended systems
using first principles methods specially those based on the electronic density:
Density Functional Theory (DFT). In particular, a great effort has been put
on the study of the spectroscopic techniques by means of the time-dependent
extension of the density functional theory. This theory formally known as
Time Dependent Density Functional Theory (TDDFT) has revolutionized
the field of the theoretical spectroscopy due to its excellent ratio between
accuracy and computational cost and its capacity to describe in an efficient way the electronic excited states. In the initial stages of the TDDFT
the dominant numerical approach was the frequency-dependent method in
its sum-over states description. This intuitive and theoretically handleable
picture strongly reduces its computational efficiency when the size of the
system or the energy range to study is increased. The need to explore the
properties of the every time more large structures within energy ranges far
1

www.etsf.eu
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from the visible have made possible the arising of alternatives such as those
based on the real-time propagation which is numerically more efficient due
its easy parallelization and the absence of unoccupied states. In the following pages we have presented a detailed study of the applications of the
above mentioned methodologies in the field of the optical absorption and
chiral spectroscopies of molecular structures. We have explored and analyzed the capabilities, accuracy and performing for describing the excited
states of different types of molecular systems (organic and inorganic) with
different sizes (from 10 to 300 atoms) under different physical and chemical
conditions (charged, in stacking, in gas-phase, in solvent, bonded through
weak interactions).

1.1

About this thesis

The present manuscript deals with the development and application of theoretical spectroscopic tools for finite systems by means of the Time Dependent Density Functional Theory (TDDFT)[32; 82; 150]. The goal of this
work is the application of this methodology under a real-time real-space
framework[4; 36; 148] in the characterization of the optical absorption spectra of diverse systems with technological and biophysical interest. Our studies were conducted by taking in account the experimental conditions on the
molecular structures . Furthermore, we concentrate our efforts in the implementation of new algorithms that allows the calculation of very popular
spectroscopic techniques within the same framework to describe the natural
and induced dichroic response in finite systems.
This thesis is organized as follows: The first part (chapter 2) is divided
in three sections. In the first section we outline the basic foundations of the
ground-state density functional theory. We introduce the Hohenberg-Kohn
theorem and the Kohn-Sham equations and finally we describe superficially
the main approximations for the exchange-correlation functional. In the
second section we introduce the time dependent density functional theory
through the Runge-Gross theorem and its applicability in the description of
the excited states by means of the linear response theory. In the last section
we highlight in detail the main computational approximations used in our
simulations and the numerical parameters used during the whole thesis.
The second part (chapter 3) exhibits the theoretical tools developed during this doctoral thesis. In the first section (Section 3.2) we show the modeling of the natural dichroic response in finite systems by means of the
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calculation of the Electronic Circular Dichroism (ECD)2 response using the
averaged time propagation of the angular moment operator. In the second
section (Section 3.3) the objective was the description of the induced dichroic
response in finite systems through the computation of the Magnetic Circular Dichroism (MCD) strength function, this by recording the non-diagonal
terms of the magnetically perturbed polarizability tensor and then by taking
the average of the final result. In both cases, a group of benchmark systems
were carefully chosen to test the mentioned implementations. Moreover, we
remark the importance of the gauge-invariance properties in the observables
have to fulfill in the case of a numerical grid representation of the vector
potential.
The third part (chapter 4) shows our results for the optical properties
of different molecular structures, in most of the cases the work was done
shoulder-to-shoulder with an experimental group of research. The first section (Section 4.1) present the results in the gas-phase optical absorption and
the explanation of the nature and behavior of the low energy excited states of two sets of amphoteric charged molecular systems: P-Nitrophenolates
and Tetrathiafulvalenes. the computational results were important for the
interpretation of the experimental data3 and shed light on the effect of the
solvents or the geometrical conformation on the optical spectra of these
molecules. The second section (Section 4.2) shows the analysis of the electronic and optical properties of G4-DNA (quadruple helices made of guanine planes) and the optical fingerprint of possible porphyrin intercalation
between stacked guanine planes. In this section the calculations were performed taking in account the structural fluctuations due to solvent and
temperature using multiscale techniques by mixing molecular dynamics and
TDDFT. The third section (Section 4.3) presents the results of the study
in the ground state and the optical absorption spectrum of the aggregation
in solution of tetracoordinate platinum compounds that form linear chains
through weak metal-metal interactions4 .
In the last part of this thesis (chapter 5), we present the conclusions of
the work carried on during this doctoral research and future perspectives.

2

Also known as Natural Circular Dichroism (NCD) or Circular Dichroism (CD).
Experiments were carried on in gas-phase in the Brøndsted’s group in Aarhus, Denmark.
4
Experiments were carried on in solvent in the Zamora’s group in Madrid, Spain.
3

Chapter 2

Basic Concepts
The limits of my language mean the limits of my world.
Ludwig Wittgenstein,
in Tractatus Logico-Philosophicus (1922).

In this chapter we present the theoretical foundations of the methods and
calculations that are employed in the thesis: Density Functional Theory,
both in its original formulation (DFT) and in its time-dependent version
(TDDFT). We only give a brief description of the basic principles, with no
attempt to discuss mathematical subtleties, except when they are necessary
to complete any discussion, since the theory itself is not the objective of
the thesis, rather how it can be exploited for describing the ground and
excited properties in nanostructures. Notwithstanding this, it is necessary
to establish the origin and justification of the equations that are later used
in all the applications. We also enunciate the fundamental theorems that
constitute the basis of the theories. The first section deals with a brief
historical introduction of the basis theories and the next two sections of
this chapter revise the DFT and TDDFT methodologies respectively. If the
reader is interested in going deeply in the basic foundations or mathematical
details of the previously mentioned theories we encourage him the reading
of the books by Yang et al.[177], Fiolhais et al.[66], Ullrich[237], Marques et
al.[150; 151], etc. The last section is a summary of the main computational
details and parameters used during the simulations performed with our realtime real-space code. In the whole thesis we use atomic units (e2 = ~ = me
= 4πǫ0 = 1) unless otherwise stated.

8

2. Basic Concepts

2.1

Density Functional Theory (DFT)

Density functional theory (DFT) is a powerful, formally exact reformulation
of Quantum mechanics[96; 117; 118]. It is distinct from quantum chemical methods because in its revolutionary perspective the electronic density, rather than the many-electron wavefunction, plays the central role. In
the DFT theory the complicated wavefunction and the associated multiple
Schrödinger equation is replaced by the electronic density n(r) from a singleelectron equation which is more simple to solve. This simplicity has become
DFT in of the most used methodologies to study the electronic structure in
matter due to its ability of produce very accurate results at low cost. In
practice, approximations are required to implement the theory and in some
cases it is necessary a conscious study in order to obtain rigorous results.

2.1.1

The Hohenberg-Kohn theorem

The work by Hohenberg and Kohn (1964) is now known as the fundamental
reference of the density functional theory. In this work, it is shown that the
ground state energy of a given electronic system is an unique functional of
the electron density. Furthermore, given an external potential, it is shown
that the ground-state energy can be obtained by minimizing the energy
functional, with respect to the electron density. When the density is the true
ground-state electron density, this minimizes the energy functional. Their
results can be summarized in two theorems as follows:
• Theorem I: For any system of interacting particles in an external
potential Vext (r), the potential Vext (r) is determined uniquely, except
for a constant, by the ground state particle density n0 (r).
Since that n0 (r) determines the number of electrons in the system, it follows
that n0 (r) also determines the ground state wavefunctions and all other
electronic properties.
• Theorem II: An Universal functional for energy E[n] in terms of the
density n(r) can be defined, valid for any external potential Vext (r).
For any particular Vext (r), the exact ground state energy of the system
is the global minimum value of this functional, and the density n(r)
that minimizes the functional is the exact ground state density n0 (r).
In principle these theorems were proved for system with a non-degenerate
ground state, but the proof was extended in this kind of systems by Mel Levy

2.1. Density Functional Theory (DFT)

9

(1974)[139] who also extended the range of definition of the functional in a
way that is formally more tractable and clarifies its physical meaning and
he provided an in-principle way to determine the exact functional. The
Hohenberg-Kohn theorems were posteriorly extended to other formalisms
such as Spin density functional theory[85] (SDFT) important for the accurate description of open-shell molecules, in particular of transition metal
complexes and clusters, Ensemble density functional theory[81; 228] (EDFT)
important for calculating the properties of excited states, Current density
functional theory[243; 244] (CDFT) where the current instead of the density
is the basic variable which makes this theory useful in systems interacting
with magnetic fields[244], Relativistic Density Functional Theory[191; 192]
(RDFT) important for systems with heavy atoms or Time dependent density
functional theory[150] (TDDFT) the most extended theory for the study of
the excited states and systems interacting with time-dependent potentials,
this last will be treated in more detail in a next section.

2.1.2

The Kohn-Sham equations

In a subsequent paper Kohn and Sham (1965) proposed an elegant way to
solve the problem for any interacting system by introducing a corresponding
fictitious noninteracting reference system in which there are no electronelectron repulsion terms and for which the ground-state electron density is
exactly the density of the interacting system. This makes approximations
easy to be done (as there are major problems to design good kinetic energy
functionals, this is the reason why the orbital-free DFT[258] functionals has
not taken too far). The authors showed that the energy functional can be
recasted by using orbitals as EKS ({ϕi }) subjected to the orthogonalization
condition of the set of single-electron wavefunctions ϕi (r) which are solution
of the mentioned fictitious system:
Z
Z
1X
2
3
EKS ({ϕi }) = −
(2.1)
ki ϕi ∇ ϕi d r + n(r)Vion d3 r
2
i
Z
n(r)n(r′ ) 3 3 ′
e2
d rd r + Exc [n(r)] + Eion ({Rn })
+
2
|r − r′ |
where EKS is the Kohn-Sham functional energy, the i- summation takes
over all one-electron orbits, ki the number of occupations in i-state, Exc the
exchange-correlation energy, and n(r) is the electronic density and it is given
by
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n(r) =

X
i

|ϕi (r)|2

(2.2)

The wavefunctions ϕi which minimize the Kohn-Sham functional energy in
Eq. 2.1 satisfy the following eigenvalue equations,
HKS ϕi = ǫi ϕi

(2.3)

where HKS is Kohn-Sham’s Hamiltonian,
1
HKS = − ∇2 + Vion (r) + VH (r) + Vxc (r)
2

(2.4)

here, VH (r) is the Hartree potential
VH =

Z

n(r′ ) 3 ′
d r,
|r − r′ |

(2.5)

Vxc is the exchange-correlation potential
Vxc =

δExc [n]
,
δn(r)

(2.6)

and ǫi and ϕi denote the eigenvalues and eigenfunctions of the Kohn-Sham
equation, respectively. The wavefunctions calculated by Eq. 2.3 yield the
charge density by Eq. 2.2, Hence, the Kohn-Sham equation must be solved
self-consistently.

2.1.3

Exchange-Correlation Functionals

A price of mathematical simplification of the density functional method,
which replaces the many-electronic problem by one-electron problem is paid
by introducing an unknown functional of exchange and correlation Exc of
the charge density (Eq. 2.6). The main issue is how to obtain the exact
functional for a given problem (for example it is known exactly for the
homogeneous electron gas thanks to quantum Montecarlo method[40]). In
the next we describe superficially the main approaches used in DFT. If the
reader wants to go deeply in this theme, we advise the lecture offered by
John P. Perdew titled “Jacob’s ladder of density functional approximations
for the exchange-correlation energy”[183].

2.1. Density Functional Theory (DFT)
2.1.3.1
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Local Density Approximation (LDA)

The most widely used form of Exc is the so-called Local Density Approximation (LDA). That is, the exchange and correlation energy of homogeneous
electron gas. In this approximation, the exchange-correlation energy at each
point of the real space, Exc , is assumed to be equal to that energy of a uniform electron gas with the same electronic density.
Z
3
LDA
(2.7)
Exc [n] = n(r)ǫheg
xc (n(r))d r,
where ǫheg
xc (n(r)) is the exchange-correlation energy per electron in a homogeneous electron gas of density n(r). The ǫxc (n) is known exactly in the
high-density limit, and can be accurately computed at any density. This
equation is, by construction, exact for the homogeneous electron gas and we
can expect it to work well for systems where the density has small spatial
variations, or where the electron-electron interaction is well-screened. This
formalism can be straightforward generalized to include the electronic spin:
The local spin-density approximation (LSDA)[245; 246]
Z
LSDA
3
Exc
[n↑ , n↓ ] = n(r)ǫheq
(2.8)
xc (n↑ (r), n↓ (r))d r,

The domain of applicability of LDA has been unexpectedly found to go
much beyond the nearly-free homogeneous electron gas and accurate results
can be obtained for inhomogeneous systems like atoms or molecules. This
success may be due in part to the fact that the sum rule for the exchangecorrelation hole, which must be obeyed by the real functional, is reproduced
by the LDA[103]. These effect will be supported with the results consigned
in the chapters 3 and 4.
2.1.3.2

Generalized Gradient Approximation (GGA)

An important improving in the approximation of the exchange-correlation
functionals is the called Generalized Gradient Approximation (GGA).[180;
181] This formulation is still local but it takes into account the dependence
with the gradient of the electronic density:
GGA
[n↑ , n↓ ]
Exc

=

Z

3
n(r)ǫheq
xc (n↑ (r), n↓ (r), ∇n(r), ∇n↓ (r))d r,

(2.9)

This approach has showed to be enough to describe most of the properties in
finite and extended systems. However, more accurate than the GGA are the
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meta-GGA functionals which take into account also the Laplacian (second
derivative) of the electronic density[182; 227]. These are an important describing accurately sensible quantities such as thermodynamic energies and
metal-metal interactions.
2.1.3.3

Hybrid Functionals

The next successful alternative in the development of the exchange-correlation
functionals was the inclusion of the Hartree-Fock exact exchange term in
the calculation of Exc : The hybrid functionals. Hybrids can be formalize in terms of what is called Generalized Kohn-Sham Theory[206]. They
are built up as a fitted linear combination of different terms with a very
specific parameters, for example, the most famous hybrid B3LYP (Becke,
three-parameter, Lee-Yang-Parr)[221] is written as:


HF
LDA
B3LYP
LDA
− Exc
+ax ExGGA − ExLDA
Exc
= Exc
+ a0 Exc

+ac EcGGA − EcLDA

(2.10)

LDA is the
where the parameters are a0 =0.20, ax =0.72 and ac =0.81. The Exc
VWN (Vosko-Wilk-Nusair), ExGGA is the Becke88 exchange and the EcGGA
the LYP (Lee-Yang-Parr) correlation. Additionally to the set of hybrids
constructed by using the combination of HF, LDA and GGA there is a new
family denominated Meta-hybrids able to describe more complicated properties (charge-transfer, kinectics, weak metallic interactions, etc) in mixed
organometallic systems.[261]

2.2

Time Dependent Density Functional Theory
(TDDFT)

Once is showed that the electronic ground-state properties can be uniquely
determined through the electronic density, the next natural question lies in
the determination of the properties when the studied system is under the
action of time-dependent perturbations. This, in order to understand the
electronic dynamic inside the finite and extended systems. The Time Dependent DFT (TDDFT) in particular, allows the calculation of excitations,
but its scope is larger, since in fact, it is an exact reformulation of the timedependent Schrödinger equation. In the following, we will shallowly review
the foundations of the theory.[149]

2.2. Time Dependent Density Functional Theory (TDDFT)
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The Runge-Gross Theorem

TDDFT is based on the Runge-Gross theorem[202] which states that, given
initial state at t0 , the single particle potential v(r, t) leading to a given
density n(r, t) is uniquely determined so that the map v(r, t) → n(r, t) is
invertible. As a consequence of the bijective map v(r, t) ↔ n(r, t), every
observable O(t) is unique functional of the time-dependent electronic density
n(r, t). Note that here is a dependence on the initial quantum state of the
system.
Armed with the Runge-Gross (RG) theorem, and in a similar way to
the Kohn- Sham construction for the ground state density, we may build a
time-dependent Kohn-Sham scheme. For that purpose, we have to introduce
an auxiliary system of N noninteracting electrons, subject to an external
potential vKS . This potential is unique, by virtue of Runge-Gross theorem
applied to the noninteracting system, and is chosen such that the density of
the Khon-Sham electrons is the same as the density of the original interacting
system. These Kohn-Sham electrons obey the time-dependent Schrödinger
equation
∂
ϕj (r, t) = ĤKS (r, t)ϕj (r, t),
∂t
where the Kohn-Sham Hamiltonian is defined as
i

(2.11)

∇2
+ vKS [n](r, t).
(2.12)
2
By construction, the density of the interacting system can be calculated
from the Kohn-Sham orbitals
ĤKS (r, t) = −

n(r, t) =

N
X

ϕ∗j (r, t)ϕj (r, t)

(2.13)

j=1

the time-dependent Kohn-Sham potential is written as the sum of three
terms
vKS [n](r, t) = vext (r, t) + VH [n](r, t) + Vxc [n](r, t).

(2.14)

The first term is the external potential, whereas the second accounts for the
classical electrostatic interaction between electrons
VH [n] =

Z

d3 r ′

n(r′ , t)
,
|r − r′ |

(2.15)
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The third term, the exchange correlation potential includes all the nontrivial
many-body effects, and it is extremely complex (and essentially unknown)
functional dependence on the density. This dependence is clearly nonlocal,
both in space and in time, that is, the potential at all other position r can
depend on the density at all other positions and previous times.
In connection with the established in the section 2.1, one of the first approaches to obtain Vxc [n](r, t) is the adiabatic approximation, which is local
in time, here the exchange-correlation potential and its first derivative can
be expressed in terms of the time-independent exchange-correlation energy,
Exc [n],
δExc [n]
Vxc [n(r, t)] ∼
,
=
δn(r)

(2.16)

δ 2 Exc [n]
δvxc [n(r, t)] ∼
.
= δ(t − t′ )
′
′
δn(r , t )
δn(r)δn(r′ )

(2.17)

The LDA makes a separate local approximation, i.e, the exchange-correlation
energy density is local in space. The local density approximation in time
dependent density functional theory often agree with many experimental
investigations but it dramatically fails in cases as solids[103; 135] or chargetransfer excited states[60].

2.2.2

Electronic Excitations in TDDFT

The calculation of the electronic excitations and the optical spectra has
been one of main the success of the Time Dependent extension of the Density Functional Theory since it appear in 1984. This is due to its capacity to
capture the dynamical nature of the excitations processes by including the
many-body effects, mixing of the Kohn-Sham states and the charge fluctuations during the transition to an excited state. In the next, we discuss the
main methodologies used to calculate the excited states in finite systems.
2.2.2.1

Linear Response Theory

The starting point in the Linear response Theory establish that a small
external perturbation (spin-independent) δvext (r, ω) will induce a density
response δn(r, ω). This response will be linearly related to the densitydensity response function χ as:
Z
δn(r, ω) = d3 r′ χ(r, r′ ; ω)δvext (r, ω).
(2.18)
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The same induced change in the density can be calculated in the Kohn-Sham
system by virtue of the Runge-Gross theorem, we have
Z
δn(r, ω) = d3 r′ χKS (r, r′ ; ω)δvKS (r, ω),
(2.19)

here χKS (r, r′ ; ω) is the Kohn-Sham response function. Accordingly to the
Eqs.(2.14),(2.15) and (2.16), the variation of the Kohn-Sham potential can
be written as
δvKS (r, ω) = δvext (r, ω) +

Z

3 ′ δn(r

d r

′ , t)

|r −

r′ |

+

Z

d3 r ′

δVxc (r)
δn(r′ ), (2.20)
δn(r′ )

from this last expressions we arrive easily to a Dyson-like equation for the
interacting response function
Z
Z
χ(r, r′ ; ω) = χKS (r, r′ ; ω) + d3 r1 d3 r2 χKS (r, r1 ; ω)


1
×
+ fxc (r1 , r2 , ω) χ(r2 , r′ ; ω),
|r1 − r2 |

(2.21)

where the so-called time-dependent exchange-correlation kernel fxc (r1 , r2 , ω)
has been introduced. The main methodologies for the calculation of the
excited states by means of linear response can be computed by doing an orbital expansion (Casida equation) or following a perturbative Sternheimerlike approach or directly by means of time dependent propagations. These
methodologies will be depicted in the next paragraphs.
The Casida equation
One of the most widespread methodologies for the calculation of the electronic excited states in the frequency-dependent domain is the Casida equation[35]. Casida showed that, in the case of frequency-independent kernels
the poles of χ are equivalent to find the excitation energies Ω by solving the
harmonic-like equation[151]
X

Rqq′ Fq′ = Ω2q Fq

(2.22)

q′

√
where the matrix Rqq′ = ωq4 δqq′ +4 ωq ωq′ Kq,q′ , and ωq = ǫa −ǫi is the difference between the energy
one occupied Kohn-Sham state i and one unocR 3 Rfrom
3
′
cupied a, Kq,q′ = d r d r ξq∗ (r)fHxc (r, r′ )ξq′ (r′ ) with ξq (r) = ϕ∗i (r)ϕa (r)
1
and fHxc (r, r′ ) = |r−r|
+fxc (r, r′ ) is the Hartree-exchange-correlation kernel.
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Sternheimer equation
Calculation of the electronic properties and in particular the excited states
can be performed also without the explicit calculation of unoccupied orbitals by means of the Sternheimer equation[11; 222] also known as densityfunctional perturbation theory or coupled perturbed Kohn-Sham. The main
equations can be derived considering a perturbative field (λvext (r) cos(ωt))
interacting with the Kohn-Sham system, that to first order in the expansion
of the eigenfunctions produces a variation to first order of the electronic
density such that

n(1) (r, ω) =

occ. nh
X

ϕ(0)
m (r)

m

i∗

o
h
i∗
(0)
(1)
ϕ
(r)
,
ϕ(1)
(r,
ω)
+
ϕ
(r,
−ω)
m
m
m

(2.23)

and replacing also in the time-dependent Kohn-Sham equation, to first order
we obtain the Sternheimer equation
n

o
(1)
H (0) − ǫm ± ω + iη ψm
(r, ±ω) = −Pc H (1) (±ω)ϕ(0)
m (r)

(2.24)

here Pc is the projector onto the unoccupied subspace and η a positive
infinitesimal mal. The first order variation of the Kohn-Sham Hamiltonian
reads

H

(1)

(ω) = vext (r) +

Z

3 ′n

d r

(1) (r′ , ω)

|r − r′ |

+

Z

d3 r′ fxc (r, r′ , ω)n(1) (r′ , ω). (2.25)

This methodology has several advantages apart of the mentioned fact that
only occupied states enter in the equations. Advantages such as the obtained
linear system of equations can be solve by using standard methods and that
it scales quadratically with the number of atoms. However one of the main
problems from the numerical point of view is that it is hard to converge the
solutions close to a resonance[150].
Time propagation scheme
The calculation of the electronic excitations such as the dynamical polarizability can be performed by using the propagation scheme in real time[18;
37; 260]. This methodology is highly advantageous because it does not require the calculation of additional (unoccupied) Kohn-Sham states as in the
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previously described Casida method. Additionally it scales favorably with
the size of the system, doing this approach an efficient method for large
systems. In the next, we develop the essentials of this formulation by restricting, without loss of generality, only to electrical dipole perturbations.
Under the action of an external time-dependent electric potential vext (r, ω)
a system suffers a time dependent change in the electronic density δn(r, ω).
In the linear response regime[149] this induced change is proportional to
the dynamical susceptibility χ(r, r′ , ω) as is showed in the Eq. 2.18. If we
define a spatial constant electrical perturbation polarized in each direction
i as E(ω) = k(ω)êi , the external potential can be written as vext (r, ω) =
r · E(ω) = r · k(ω). The dipolar dynamical polarizability is defined as
α(ω) = −

Z Z

d3 rd3 r′ rr′ χ(r, r′ , ω),

(2.26)

we can then rewrite this last equation in terms of the Eq. 2.18 and for a
constant electric field k in all frequencies
1
α(ω) = −
k

Z

d3 rrδn(r, ω).

(2.27)

The photoabsorption cross-section is proportional to the imaginary part of
this last quantity:
σ(ω) =

4πω
Imα(ω).
c

(2.28)

In the real-time scheme the ground state Kohn-Sham wavefunctions are
initially perturbed with a small momentum k such that ϕ(r, δt) = eikrj ϕ(r),
and then propagated in a finite time. In this case is easy to see that in the
Eq. 2.27 the term rδn(r, ω) is equivalent to the induced change in the dipole
moment of the system δd(r), that in real-time can be rewrite as the Fourier
transform
1
α(ω) = −
k

Z

3

d r

Z

dtδd(r, t)e−iωt .

(2.29)

This equation with help of the Eq. 2.28 allows the calculation of the photoabsorption cross-section for all studied nanostructures by means of the
Fourier transform of the propagated dipole moment. This same scheme will
be applied to other quantities for the calculation of the natural and induced
optical activity.
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2.3

Computational methodology

In the next chapters, the most important results have been obtained by
means of one efficient real-space real-time implementation of the Density
Functional Theory and its Time Dependent extension[149]: The OCTOPUS1 code[4; 36; 148]. Here the main characteristic is that the Kohn-Sham
states and the electronic density are discretized on a numerical mesh in a
real-space. Additionally other types of methodologies such as DFT/TDDFT
with basis-sets, coupled-cluster or Multi-configurational self-consistent field
(CASSCF) were used to complement or compare our calculations during the
present work (structural optimizations, calculation of chemical shifts, other
exchange-correlation functionals, etc.).
In the section 4.1 we compare our results obtained with OCTOPUS
with those obtained with the spectroscopy-oriented configuration interaction method (SORCI)[171] implemented in the ORCA package[170], and the
TDDFT implemented within the linear-response method in TURBOMOLE[2].
Furthermore, in this section we have used the GAUSSIAN09[67] code in the
optimization of geometries as well as in section 4.2.
In the section 4.3, in the first part of the work, we analysed the stability of the small clusters in their ground state properties using the code
GAUSSIAN09[67] with different exchange-correlation functionals. We describe the Pt atoms with the standard double and triple-zeta quality basis
sets (LANL2DZ and LANL2TZ)[92; 201] with the effective core potential
(ECP)[91] approach and 6-311+G**[129] basis on the other atoms. In some
cases, we used the PCM (Polarizable Continuum Model)[33] to study the
effect of the solvent in the conformation (see Table 4.9). Additionally, the
study of the explicit solvent was done with the same above parameters by using relaxed configurations with seven and twelve dichloromethane molecules
solvating the [Pt2 L4 ]2 species (Figure 4.31). The configurations were generated using the CP2K program.[240] During all geometry optimizations, the
solvent was allowed to relax whereas the [Pt2 L4 ]2 was fixed at the experimental X-ray structure. An initially optimized configuration at the semiempirical PM6 level was placed in a cubic box of side 35 Å for a subsequent
solvent relaxation with DFT. The exchange and correlation term was approximated using the Perdew-Burke-Ernzerhof (PBE) functional.[180] The
Gaussian-Plane wave (GPW) hybrid basis set in the Quickstep module of
the CP2K program was used. The electronic density was expanded using an
auxiliary plane wave basis set up to a kinetic energy cut-off of 400 Ry for
1

http://www.tddft.org/programs/octopus
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the calculation of the Hartree potential. The interaction of the valence electrons with the atomic cores was described using the norm-conserving, dual
space, Goedecker-Teter-Hutter (GTH) pseudopotentials for all atoms.[75]
In particular, for Pt atoms, we used the GHT-PBE-q18 pseudopotential
which describes all core electrons up to the 4f level, leaving explicitly 8
electrons in the semicore (5s, 5p) and 10 electrons in the valence (5d, 6s).
The Kohn-Sham 21 orbitals were expanded in terms of contracted Gaussian
type orbitals (GTO) of double-ζ valence polarized (DZVP) quality for all
atoms and specifically optimized for its use with the GTH pseudopotentials
(DZVP-MOLOPT-GTH). A threshold of 10-8 a.u. for the energy change
was adopted in the SCF wavefunction minimization based on the direct inversion in the iterative subspace (DIIS) algorithm. The BFGS optimization
algorithm was stopped when the maximum gradient on any atom was less
than 0.0001 a.u..

2.3.1

Real-Space grids

The strategy for solving the associated equations to any real system is of
paramount importance in computational sciences. The right choice in the
methodology of discretization will restrict the infinite degrees of freedom in a
finite set more convenient numerically. This will determine the compromise
between size and accuracy in the results and the computational cost. There
are several strategies to solve numerically a given problem, one of these
possibilities is to select an appropriate discrete basis set and represent the
solutions as the coefficients of a linear combination of functions of this basis.
In condensed matter the choice is the plane-wave basis, then most of the
mathematical operations are carried on the reciprocal space with the help
of Fast Fourier Transforms (FFT)[27], this method is the best for extended
systems because periodic boundary conditions are impose by default, in the
case of finite systems is necessary to combine with a supercell method[47].
In the field of quantum chemistry most of the calculations are performed
using atomic orbitals centered around the atomic nuclei. The most extended
are the Slater orbitals which can be expanded as a linear combinations of
Gaussian orbitals[25; 93].
An alternative to study the electronic properties is the use of uniform
three-dimensional (3D) real-space grids for representing wavefunctions (see
Fig. 2.1), densities and potentials. The accuracy of discretization is determined by the density of points inside the simulation box, the size and
shape of the simulation box and the finite difference approximations used
for the derivatives[42]. The main advantages of this approach is that al-
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Figure 2.1: Left: Schematic representation of an adaptive simulation box
composed by an uniformly distributed three-dimensional grid on a molecule
of benzene. In the right the respective lowest unoccupied molecular orbital
(LUMO).

ternative and more efficient multigrid and local curvilinear and adaptive
algorithms within real-space techniques can be easily implemented to solve
the equations. Moreover, efficient parallelization methods can be integrated
by means a simple decomposition in domains of the grid.

2.3.2

Pseudopotential approximation

Apart from the inherent approximation underlying in the Density Functional
Theory due to the exchange-correlation functional (mainly due to our incapacity to find the exact solution because the DFT is in principle an exact
theory), there is a second approximation which is extensively implemented
inside the numerical ab initio codes in order to reduce the computational
burden: The pseudopotential2 . The basic idea behind is that the physical
and chemical characteristics of many materials are governed by the valence
electrons which extend to more wide region, and the core states are insensitive to those properties. We then can make an approximation by using
valence electrons solely in describing the chemical combining characters of
materials. The range of applications can be easily extended to other en2

An alternative and also widely used methodology is the Projector Augmented Wave
(PAW) method[19], here the wavefunctions of an atomic system are expanded through the
set of plane waves, in particular for the rapid oscillating core states the wavefunctions are
replaced by a convenient set of smooth wavefunctions.

2.3. Computational methodology

21

Figure 2.2: Schematic representation of a pseudopotential (left, dark curve)
and a pseudo-wavefunction (right, dark curve) along with the all-electron
potential (with the 1/r tail) and wavefunction (indigo curves). Notice that
the all-electron and pseudofunctions are identical beyond the radial cutoff
rc and the pseudo-functions are smooth outside the core region.

ergetic regions or include other phenomena such us relativistic effects by
modifying certain characteristics inside the pseudo.
Originally pseudopotentials are an idea borrowed from the field of nuclear physics (a fairly common procedure between these two fields of physics).
These were first introduced in 1934 by Enrico Fermi to describe the scattering of neutrons by atomic nucleus. The first documented application in
condensed matter of a similar idea of modern pseudopotential was published
by Hans Gustav Hellmann in 1935. In this paper Hellman describe a function able to describe the potential felt by the valence electrons of potassium
atoms due to electronic core. The idea remained buried until it was rescued
in the late fifties by James C. Phillips and Leonard Kleinman[115] in IBM
labs to describe numerically the well known properties of germanium and
silicon crystals. Almost simultaneously a similar idea of pseudopotential
was published by Emil Antonc̆ı́k to describe the energy band of solids in
particular for diamond. Mathematically, pseudopotentials can be expressed
as
V̂ =

X
l

|lmiVl hm|

(2.30)

where |lmi is spherically harmonic functions, l and m are the angular momentum, and the projected angular momentum, respectively. The original
bare potential is of course a local potential. Because the true wavefunc-
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tion and the pseudo-wavefunction are matched outside the core region, nonlocality of pseudopotential is limited in the core region. A great step in
the pseudopotential idea was achieved by introducing the concept “norm
conservation” of wavefunction by D.R. Hamann, M. Schlüter and C. Chiang[86]. Here, a nodeless pseudowavefunction is initially taken so as to
match to the true wavefunction outside core radius rc . A norm-conserving
condition (i.e. the norm of each pseudo-wavefunction be identical to its corresponding all-electron wavefunction) along with other conditions, the final
form of potential is completed. The process is sketched in Fig. 2.2. One
of the most extended methodology to construct the pseudo wave-functions
was proposed by N. Trullier and J.L. Martins[236]. These are some of the
smoothest norm-conserving pseudopotentials built by proposing a high order
polynomial analytic form of the wavefunction inside the cutoff radius. Additionally, other more accurate methodologies have been developed: Ultrasoft
pseudopotentials introduced by David Vanderbilt[239] or the Projector Augmented Wave (PAW) method by P. E. Blöchl [19]. These methods permit
the reconstruction of the total wavefunction that gives results within the
accuracy of all-electron type calculations.

2.3.3

Time propagation

In order to compute the photoabsorption spectra as described in Sec. 2.2.2
by means of the time propagation scheme, the time dependent Kohn-Sham
equations (Eq.2.11) has to be solved. The way of addressing the problem
is first to perform a ground state calculation to obtain the wavefunctions of
the initial state: ϕi (r, t0 ) and then rewrite the time dependent Kohn-Sham
equations in the integral form ϕi (r, t) = Û (t, t0 )ϕi (r, t0 ), here Û is the time
evolution operator:
 Z t

′
Û (t, t ) = T̂ exp −i
dτ HKS (τ ) .
(2.31)
t′

To propagate the electronic wave-function in real time there are different
schemes[38] and the main challenge is to find the most efficient and stable
in the studied problem. To solve the Eq. 2.31 is necessary to have two
approaches, first in the propagator itself, it means in the way to calculate
the wavefunction ϕ(r, t + ∆t) from ϕ(r, t) and HKS (t) and second in the
form in that we expand the exponential. In our case due to its efficiency
we use the approximated enforced time-reversal symmetry (AETRS) in the
first case, and to expand the exponential we use two alternatives: the fourth
order Taylor method because its stability and performance in small systems
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and the Lanczos methods because its stability during the time-evolution
with large time-steps for large systems.

2.3.4

Numerical parameters

In all molecular structures simulated during this doctoral thesis we use the
same values in the numerical parameters which have been tested to be converged with a criteria up 10−6 (unless other values are specify). Our preferred simulation box were centered spheres around each atom with a radius
of 6.0 Å and with a grid spacing of 0.18 Å, the internal nucleus and nonvalence electrons were replace with equivalent norm-conserving TroullierMartins pseudopotentials. Most of the calculations were performed in the
Adiabatic Local Density Approximation (ALDA) with the Perdew-Zunger
Exchange-Correlation functional[179], however in some cases we go beyond
using PBE[180; 181] a GGA exchange-correlation functional.
The optical spectra obtained by means of real-time scheme include a
total propagation time of t = 50~/eV time-units (approximately equivalent
to 33.9 femtoseconds) with a time-step of ∆t = 0.12~/eV time-units (0.08
femtoseconds), the integration of the Kohn-Sham equations was performed
using two algorithms: the fourth order Taylor method and the Lanczos
method[38], the first one was used in the small molecular systems and the
second one in the larger studied structures. The Casida analysis of the
excitations was carry on including different sets of occupied-unoccupied states in order to converge the spectra in the energetic region of interest and
determine the contribution of the Kohn-Sham eigenstates involved in each
excitation. This number of occupied-unoccupied states can vary depending
of the size of the studied system.

Chapter 3

Theoretical description of
optical and magnetic dichroic
responses
Veritum dies aperit (Time discovers the truth).
Seneca,
in De Ira (41 A.D).

3.1

Motivation

A step forward in the field of theoretical spectroscopy of nanostructures consist in go beyond the optical absorption regime as a methodology to study
the intrinsic nature of the electronic excited state. In the last decades a
new set of experimental tools has been developed and enhanced : Circular dichroism (CD) and magnetic circular dichroism (MCD) spectroscopies.
These techniques can often extract valuable and complementary information
about the geometrical conformations and electronic states of chromophorecontaining molecules. One of the main advances is related with the new
synchroton sources, where the energy range can easily run from the visible to ultraviolet. The main motivation of this chapter is the study and
development of a serie of theoretical and numerical tools in the real-space
real-time methodology for the calculation of the natural dichroic and magnetically induced chiral responses. In the first part (section 3.2) we present
a gauge-invariant methodology for the calculation of the dichroic spectrum
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and in the second part (section 3.3) we proceed with an alternative method
to calculate the magnetic circular dichroism spectrum.
This chapter is divided in two parts. In the first (section 3.2), we present
the derivation of a real-time formalism for the circular dichroic response in
molecular systems. This derivation is analogous to the one used to obtain
the polarizability, which was applied to the calculation of optical absorption
spectra in real-time TDDFT [259]. We show then how, starting from the
real-time expression, we can obtain in the frequency domain the canonical
formula for the sum over states [48]. Moreover we also provide an expression
based on the Sternheimer linear response perturbation theory. In the second
part (section 3.3), we develop a methodology to understand the magneto
dichroic response in finite systems using the real-time TDDFT. Here, the
studied terms are obtained from the expansion of the magnetically perturbed
polarizability, where all terms are contained, producing a novel methodology
alternative to the classical division of terms inserted in the well known sum
over states [30].

3.2

Optical Activity in Finite systems1

The coupling between external electromagnetic fields and single molecules
has recently shed light on one of the basic question about the origin of life
on earth[13; 63]. Indeed, one of the most important facts and source of controversy deals with the fact that the all living beings have a given chirality:
Sugars are right-handed and (almost) all aminoacid are left-handed. Since
the discovery of the molecular nature of chirality by Pasteur in the middle
of XIX century this fact has disquieted to the scientific community.
The theory of optical activity developed in this section is based on a semiclassical description of the interaction of light with molecules (See appendix
A for a description of fundamentals of optical activity); that is, the molecules
will be treated as quantum mechanical objects under the perturbation of
classical electromagnetic fields.
A radiation field incident upon a molecular system induces oscillating
electric and magnetic multipole moments over it. These moments are coupled to the electric and magnetic field components of the radiation field
1

This section is largely an adaptation of the article: Daniele Varsano , Leonardo
A. Espinosa-Leal , Xavier Andrade , Miguel A. L. Marques , Rosa di Felice and Angel
Rubio: Towards a gauge invariant method for molecular chiroptical properties in TDDFT
in Phys.Chem.Chem.Phys. 11, 4481-4489 (2009). As such, the reported work includes
collaboration of the rest of the authors of the article. This paper can be downloaded from
http://dx.doi.org/10.1039/B903200B.
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through a set of tensors which depend of the geometry of the molecule and
the incident frequency. In this tractation electromagnetic field is taken as a
perturbation on a static quantum system, with respect the molecular wavefunction the expected value of the multipole moment operator is calculated
and the dynamic molecular tensor are identified [21].
The perturbed wave functions are obtained by solving the time-dependent
Schrödinger equation


∂
i − H0 Ψ = Vint Ψ,
(3.1)
∂t
where H0 is the unperturbed molecular hamiltonian and Vint is a dynamic
interaction potential, both defined as
1
H0 = − ∇2 + V (r)
2

1
Vint = q(φ)0 − µα (Eα )0 − Θαβ (Eαβ )0
3
1 (d)
− mα (Bα )0 − χαβ (Bα )0 (Bβ )0 + . . . ,
2

(3.2)
(3.3)

here q(φ) is the electrostatic potential, µα is the electric dipole, Θαβ the
(d)
electric quadrupole, mα the magnetic dipole, χαβ the magnetic susceptibility
and the external perturbation has the form
i
i 1h
1h
Ẽα(0) e−iωt + Ẽα(0)∗ eiωt .
(3.4)
(Ẽα )0 + (Ẽα∗ )0 =
2
2
Assuming that when a stationary non-degenerate eigenfunction (which is a
solution of Eq. 3.1 in the absence of Vint )
(Eα )0 =

−iωn t
Ψn = Ψ(0)
n e

(3.5)

is subjected to a small perturbation of angular frequency ω from a planewave radiation field, the corresponding eigenfunction can be written in the
form of a expansion in terms of a set of coefficients that couples the electromagnetic incident field

X
′
(0)

Ψ = Ψn +
c1jnβ (Ẽβ )0 + c2jnβ (Ẽβ∗ )0 + c3jnβ (B̃β )0 + c4jnβ (B̃β∗ )0
j6=n

i

∗
e−iωn t ,
+c5jnβγ (Ẽβγ )0 + c6jnβγ (Ẽβγ
)0 + · · · Ψ(0)
n

(3.6)
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taking this solution in the Eq. 3.1 and after that multiplying both sides by
(0)∗
Ψj , integrating over all configuration space and equating coefficients is
straighforward to show that [14]

1 hj|µβ |ni
,
2 ωjn − ω
1 hj|mβ |ni
=
,
2 ωjn − ω
1 hj|Θβγ |ni
=
,
6 ωjn − ω

c1jnβ =
c3jnβ
c5jnβγ

1 hj|µβ |ni
,
2 ωjn + ω
1 hj|mβ |ni
c4jnβ =
,
2 ωjn + ω
1 hj|Θβγ |ni
c6jnβγ =
.
6 ωjn + ω

c2jnβ =

(3.7)

The oscillating induced electric and magnetic multipole moments of the
molecule in the nth eigenstate are now obtained from the expectation values
of the corresponding operators using the perturbated eigenfunction given in
Eq. 3.6. In that case, we can get the expression for the real induced oscillating electric moment
1 ′
1
ααβ (Ėβ )0 + Aα,βγ (Eβγ )0
ω
3
1
1 ′
Aα,βγ (Ėβγ )0 + Gαβ (Bβ )0 + G′αβ (Ḃβ )0 + · · · ,
+
3ω
ω

µα =ααβ (Eβ )0 +

(3.8)

from this expansion, the terms that we must have in account to compare
with the results given in the Eq. A.9 for the electronic polarisation are
ααβ = 2

X

n6=n

G′αβ = −2

X

ωjn
2 − ω 2 Re (hn|µα |jihj|µβ |ni) ,
ωjn

ω2
n6=n jn

ω
Im (hn|µα |jihj|mβ |ni) ,
− ω2

(3.9)

(3.10)

here ααβ represents the polarizability of the system and G′αβ is the frequencydependent electric dipole-magnetic dipole polarizability. In this derivation
we have found the main terms that contribute in the electric moment under
the interaction of an external radiation. In the next section we will show
the importance of the Eqs. 3.9 and 3.10 for the description of the optical
activity in any finite system.
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Fundaments of Optical Activity in Real Time

Chiroptical effects are based on the fact that some molecules interact differently with right (R)- and left (L)- circularly polarized light, so that
the medium effectively has two refraction indexes, nR and nL . Dichroism
can be quantified by the difference between the two refraction indexes,
∆n = nL − nR . Physically the real part of ∆n measures the rotation of the
polarization vector of an incident linearly polarized field (ORD), whereas
the imaginary part accounts for the difference in the absorption (ECD).
The starting point to study the interaction of an individual chiral molecule
with a monochromatic electric and magnetic field are the linear equations
for the induced electric (p(t) and magnetic (m(t) moments in terms of the
external field
1X
∂Bk (t)
βjk
c
∂t
k
k
X
1X
∂Ek (t)
mj (t) =
χjk Bk (t) +
,
βjk
c
∂t
pj (t) =

X

αjk Ek (t) −

k

(3.11a)
(3.11b)

k

where α is the electric polarizability tensor, χ the magnetic susceptibility
and β the crossed response tensor in the time derivative of the fields.2 By
applying Maxwell equations in a medium that satisfies Eqs. (3.11) it is easy
to prove that the isotropic average of β,
β̄ =

1X
βjj ,
3

(3.12)

j

is proportional to the difference between the refractive indexes for left and
right polarized light3
8πN ω
β̄ ,
(3.13)
∆n =
c
where N is the molecular density of the medium.
The tensor β is therefore the key quantity that must be calculated in
order to predict the ORD and the ECD spectra. In the classical sum-over
states the quantity obtained in the Eq. 3.9 is related with the definition of
2
An additional term couples the induced electric dipole with the magnetic field and
vice versa. This term is of higher order and we can safely neglect it in our formulation
(see Eq. (55) in Ref. [48]).
3
This expression is obtained neglecting the electric field due to the neighboring
molecules: for a medium with randomly distributed molecules we obtain: ∆n =
8πN ω n2 +2
β̄ 3 where n is the mean index of refraction.
c
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the electric polarizability in the first term of the Eq. 3.11a and the Eq. 3.10
can be related with the second term in the Eq. 3.11a, in comparison we have
1 ′
G ,
(3.14)
3ω αβ
this last expression is the classical way to calculate the dichroic response
in most of the ab initio codes. In the case of response to a polychromatic
electric field we have to define a frequency dependent tensor β(ω), so that
Eq. (3.11b), without considering an applied magnetic field, becomes
Z
iX ∞
βjk (ω) ωEk (ω)e−iωt dω .
(3.15)
mj (t) = −
c
−∞
β̄ = −

k

Now, as a particular case we consider an electric field with equal intensity
for all frequencies: E(r, ω) = κ/2π (in the time domain this corresponds
to E(r, t) = κδ(t) ). By introducing this expression in Eq. (3.15) and performing an inverse half-Fourier transform (with an infinitesimal imaginary
component δ in the frequency) we obtain that
Z ∞
ic
βjk (ω) =
mk (t)ei(ω+iδ)t dt
(3.16)
ωκj 0
where δ is an infinitesimal positive quantity. From equation (3.16) we see
that β can be calculated from the time resolved electrically induced magnetic
moment. For a quantum mechanical system the magnetization is given by
the total angular momentum, so
Z ∞
i
[Lk (t) + gs Sk (t)] ei(ω+iδ)t dt ,
(3.17)
βjk (ω) =
2ωκj 0
where gs is the electron g-factor and L(t) is the expectation value of the
orbital angular momentum operator
Lj (t) = hψ(t)|L̂j |ψ(t)i .

(3.18)

Similarly the expectation value of the spin operator Ŝ should be considered
for a system with finite total spin. In the derivation that follows and in
the calculations performed in this work we restrict ourselves to cases where
the contribution of Ŝ is negligible. However, this term has to be taken
into account for open-shell systems and for the case of magnetic circular
dichroism. From this general derivation we can now determine the rotational
strength function
3ω
R(ω) =
Imβ̄(ω) ,
(3.19)
πc
which physically characterizes the magnitude of the ECD.
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Real-time TDDFT implementation

The scheme described above can be easily implemented in real-time TDDFT.
For each direction j, the perturbation is applied as a phase factor of the
ground-state Kohn-Sham (KS) wave-functions ψ(t = 0+ ) = eiκj rj ψgs . Next,
the orbitals are evolved using the time-dependent KS equations
i

∂ψp (r, t)
= H[n]ψp (r, t)
∂t
X
n(r, t) =
ψp∗ (r, t)ψp (r, t) ,

(3.20a)
(3.20b)

p

calculating for each time the expectation value of the angular momentum
XZ
L(t) = −i
dr ψp (r, t)(r × ∇)ψp (r, t) .
(3.21)
p

Then the values of L(t) for the three directions are introduced in Eq. (3.17)
from which β(ω) is obtained in the energy range of interest.

3.2.3

Perturbation theory formulation: Sum over states

Because the previous derivation is not standard, we show here that we can
readily recover the classical expression of ECD in perturbation theory from
our previous result. For each direction j, and up to first order in the applied field, the time dependent wave-function can be written as the ground
state wave-function |ψ0 i (with energy ǫ0 ) plus a sum of frequency dependent
variations |δψ0,j (ω)i:
|ψ(t)i = e−iǫ0 t |ψ0 i +

κj
2π

Z

∞
−∞

dω ei(ω−ǫ0 )t |δψ0,j (ω)i .

(3.22)

Inserting Eq. (3.22) into Eqs. (3.18) and (3.17) (but performing a full Fourier
transform in time) we get:
βjk (ω) =

i
i h
hδψ0,j (−ω)|L̂k |ψ0 i + hψ0 |L̂k |δψ0,j (ω)i .
2ω

(3.23)

This expression can be directly calculated from the occupied states only, by
using Sternheimer perturbation theory (see section 3.2.4 below). However,
if we now expand |δψ0,j (±ω)i as a sum over states we recover the commonly
used expression for the rotatory strength function [88]:
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βjk (ω) = −

i X
hψ0 |r̂j |ψp ihψp |L̂k |ψ0 i
2ω p


1
1
×
−
. (3.24)
ǫp − ǫ0 + ω − iδ ǫp − ǫ0 − ω + iδ

Note that in Eq. (3.24) both the electric and magnetic perturbations are
treated on the same footing, while in our formalism there is a clear distinction: the electric field is applied as the perturbation and the magnetic dipole
is the quantity that is calculated during the propagation. However, the two
formalisms are not in contrast. In fact we could alternatively obtain β from
Eq. (3.11a) instead of Eq. (3.11b), namely applying the magnetic field as
the perturbation and calculating the electric dipole. This procedure would
involve a time-dependent magnetic field, with a consequent complication of
the formalism and of the numerical implementation.

3.2.4

Perturbation theory formulation: Sternheimer TDDFT

The circular dichroic response can also be computed in the Sternheimer reformulation of linear response formalism. The main quantities in this scheme
are the variations of the KS orbitals hψk (ω)i under an external perturbation,
in this case a monochromatic electric field. They are obtained by solving
the self-consistent set of linear equations
{H[n] − ǫp ± ω} δψn,j (r, ω) = −δH[δnj ]ψp (r)
δnj (r, ω) =

X
p

∗
δψn,j
(r, −ω)ψp (r) + ψp∗ (r)δψn,j (r, ω)



(3.25a)
(3.25b)

(see Ref. [5] for details). β can be then obtained from Eq. (3.23). In contrast to some (TD)DFT implementations that directly use KS orbitals in
Eq. (3.24) neglecting all self-consistency effects in the response, both realtime and Sternheimer formulations include these effects and are, in theory
exact, provided that we know the exact exchange and correlation potential.

3.2.5

Gauge invariance

Molecular dichroism (either electric or magnetic) is an electromagnetic response. It can be viewed as the magnetic (electric) response of a molecule to
an electric (magnetic) field. As such, we can expect that it will suffer from
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the same problems of gauge dependence as in the calculation of other magnetic responses, like magnetic susceptibilities or chemical shifts. In practical
implementations, the gauge freedom in choosing the vector potential might
lead to poor converge with the quality of the discretization and to a dependence of the magnetic response on the origin of the simulation cell. In other
words, an arbitrary translation of the molecule could introduce an unphysical change in the calculated observables. This broken gauge-invariance is
well known in molecular calculations with all-electron methods that make
use of localized basis sets, such as Gaussians. The error can be traced to
the finite-basis set representation of the wave-functions [72].4 This problem
is partially alleviated by working in the velocity gauge where the product
of the dipole moment and angular momentum hψp |∇|ψq ihψp |r × ∇|ψq i does
not change with any translation of the molecule, whereas the expression in
the longitudinal gauge (as the one derived above) hψp |r|ψq ihψp |r × ∇|ψq i
depends on the origin if the basis set is not complete. A simple measure of
the error is to check for the fulfillment of the hyper-virial relation [24]
hψp |∇|ψq i = (ǫq − ǫp )hψp |r|ψq i .

(3.26)

When working with a real-space mesh as in our case, this problem also
appears, though milder, because the standard operator representation in the
grid is not gauge-invariant. However, in this case it can be easily controlled
by reducing the spacing of the mesh.
On the other hand, these methods typically require the use of the pseudopotential approximation, where the electron-ion interaction is described by
a non-local potential Vnl (r, r′ ). The advantage of using pseudo-potentials
is clear as they eliminate the typically inert core electrons, reducing the
computational cost of any ab-initio electronic structure and excited-state
calculations. For many electronic properties this substitution works very
well (e.g., for total energies, optical responses, phonons, etc) [143]. However,
the non-local part of the pseudo-potential introduces a fundamental problem
when describing the interaction with magnetic fields or vector potentials in
general. To preserve gauge invariance, this term must be adequately coupled
to the external electromagnetic field, otherwise the results will (strongly)
depend on the origin of the gauge. For example an extra term has to be
included in hyper-virial expression
hψp |∇|ψq i = (ǫq − ǫp )hψp |r|ψq i + hψp |[r, Vnl ]|ψq i .
4

(3.27)

Several techniques have been proposed over the past decades to solve the issue of
the gauge dependence, such as the gauge including atomic orbital [255] (GIAO) or the
individual gauge for localized orbitals [132; 203] (IGLO) methods.
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In general the gauge-invariant non-local potential is given by
i

hr|V̂nlA |ri = Vnl e c

R r′
r

A(x,t)·dx

(3.28)

where A is the vector potential related to the applied magnetic field. For the
case of a magnetic field there are two approaches to include this term [100;
186], the main difference between them relying in how the path integration in
Eq. (3.28) is performed.5 For the case of chiroptical response, only first order
corrections must be considered and we have not found significant differences
between the results of the two schemes: thus we used the scheme by Pickard
and Mauri [186] for all the calculations presented in this work (numerical
tests about the gauge invariance effect and other numerical properties can
be regarded in the Appendix B).

3.2.6

Benchmark Applications

We now apply the method described in the previous chapter to study the
optical activity of some representative chiral molecules. The two approaches
that we have introduced are used for distinct purposes. For the calculation
of ECD spectra, related to the imaginary part of β̄, the two methods give
equivalent results but we show the output of the time-propagation, which is
computationally more efficient than the Sternheimer approach. For the real
part of β̄, related to the ORD, we used the Sternheimer approach, because
time-propagation results lack the required numerical precision.6
For all systems we used the same set of simulation parameters that ensure
a proper convergence of the results.7 We have observed that, with respect to
total energy and even optical absorption calculations, more strict parameters
are required for a proper convergence of the results, specially with respect
to the volume of the simulation cell.
5

Ismail-Beigi et al [100] proposed to evaluate it by following a straight line from
P r to
r . In our case it translates to changing the operator r × ∇ in Eq. (3.21) by r × ∇ + R r ×
[r, VRnl ]. The proposal by Pickard and Mauri [186] consists to using a path that passes
through the coordinates
P of the atoms, so the operator that has to be followed during the
evolution is: r × ∇ + R R × [r, VRnl ], where R denotes the coordinates of the atoms.
6
The real part as obtained from a direct Fourier transform of the angular momentum
is very unstable below the first excitation. This was also observed in Ref. [259] where a
Kramers-Kroning transformation of the imaginary part was used to get the real part.
7
The grid was constructed considering overlapping spheres with a radius of 8.0 Å centered around each atom with a grid spacing of 0.20 Å. For the time-propagation scheme a
Lanczos exponential method was used with a time-step of 0.02 /eV and a total time of 24
/eV.
′
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Figure 3.1: Left top: (R)-methyloxirane structure and Left bottom:
(S)-methyloxirane structure. Structures optimized at the DFT level using
a 4-31G* basis-set and considering all degrees of freedom, with the exception of the C–H bond length. Right: Static DFT orbitals in methyloxirane for different Exchage-Correlation functionals: P&Z (Perdew-Zunger),
B3LYP (Becke, three-parameter, Lee-Yang-Parr) and LB94 (van Leeuwen
& Baerends) (Hydrogen in white, Carbon in gray and Oxygen in red).

3.2.6.1

(R,S)-methyloxirane

We have chosen as a first test case the enantiomeric species methyloxirane
(also known as propylene oxide). Methyloxirane is one of the most typical benchmarks for optical activity calculations, and it has been extensively
studied in the past with different ab-initio techniques [121; 226]. The structure of R-methyloxirane was taken from Ref. [34], where it was optimized
at the DFT level using a 4-31G* basis-set and considering all degrees of
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Figure 3.2: Top panel: Calculated absorption spectrum for R- (red solid)
and S- (blue dotted) methyloxirane. For comparison the experimental results [34] (green dashed-dotted) are given. Center panel: Experimental
results for the ECD of R,S -methyloxirane species (green-dotted-dashed and
black-dotted respectively) reproduced from Ref. [34]. Bottom panel: Calculated ECD of R,S -methyloxirane species (red solid and blue dotted lines,
respectively). The results obtained with the Sternheimer equation are indistinguishable from those reported here from time-dependent propagation.
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freedom, with the exception of the C–H bond length.8 . In the Figure 3.1 the
coordinates of the enantiomeric species of methyloxirane have been depicted
in the left side, the bond lengths are also showed. In the right part of the
same figure the LDA orbitals for different exchange correlation functionals
is sketched.
The absorption and ECD spectra calculated in the time-propagation
scheme are shown in Figure 3.2. The spectra show the correct features expected for two enantiomeric species, i.e. an identical absorption spectrum
(top panel) and ECD spectra with opposite signs at each frequency. When
compared with experimental results (center panel in Figure 3.2) the calculations present the correct shape and the correct sign in the ECD. The spectral
positions of the peaks are underestimated by about 1.0 eV relatively to the
experimental data. This underestimation of the lowest excitation energies
has already been discussed (see for example Refs. [120; 226] and Ref. [9])
and can be probably ascribed to the approximation in the exchange and
correlation functional. Calculations of the ground state with different exchage correlation functionals show that the HOMO-LUMO gap of the system increases towards the experimental values. In the case of LB94 [238]
exchange-correlation functional the gap is nearest to the accepted gap because this functional has the correct asymptotic behavior for high values of
r. (see discussion in Sec. 3.2.6.3).
The real part of β was studied using the Sternheimer scheme for an
energy range between 0 and 4 eV. The results are detailed in Figure 3.3,
along with some reference theoretical and experimental data. In this case
we have also studied the impact on the optical results of the use of different
exchange-correlation functionals in the ground state calculations. In particular, we have determined the ground state of the molecule by using two
different functionals, namely LDA and KLI [127; 128]. The adiabatic LDA
kernel was used in both cases to take into account the exchange and correlation effects in the response. We can see in Figure 3.3 that our calculations
agree in shape and order of magnitude with the reference calculations and
experimental results. The KLI/ALDA approximation is in agreement with
the experimental value at 3.49 eV but this is not the case at 2.1 eV where
B3LYP and Hartree-Fock calculations seem to perform better, mainly due
to the larger gap [131].
8

This structure was adopted so that our results are exactly comparable to those theoretical data. However, we also computed the optical spectra for a structure relaxed at the
(B3LYP/cc-pVTZ) level, obtaining no significant deviations relative to the results shown
in Figure 3.2
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Figure 3.3: Calculated Re β̄(ω) for (S)-methyloxirane using two different exchange and correlation potentials, LDA (solid-blue) and KLI (dottedred), for the ground state Hamiltonian (in both cases the adiabatic LDA
kernel was used for the response). For comparison, experimental values at
2.1 eV [193] and 3.49 eV [167] (black dots), as well as Hartree-Fock (greendashed) and B3LYP (indigo-dashed-dotted) [74] computed data, are given.

3.2.6.2

(R,S)-methylphenidate

The second system we studied the dichroic response is the methylphenidate
molecule, which is more known in the market as Ritalin. The coordinates for
the methylphenidate were obtained from the DrugBank of the University of
Alberta, code DB00422 [69] and the whole structure was optimized at the
B3LYP/6-31G* level. In the left part of Figure 3.4 the structures of both
L- and R- systems is depicted, in the right side the LDA static Orbitals are
sketched, those were calculated using Perdew-Zunger Exchage-Correlation
functional.
Methylphenidate (methyl α-phenyl-a-(2-piperidyl)acetate), has pharmacological properties similar to those of dextroamphetamine, it is the most
commonly prescribed psychostimulant and is indicated in the treatment of
attention-deficit hyperactivity disorder in childrens as well as patients with
depression. Comercially Ritalin is a racemic mixture of both enantiomeric
species R and S, and has been shown in several pharmacological studies
than the psychoactive effects are caused mainly by the dexmethylphenidate
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Figure 3.4:
Left top: methylphenidate structure and left bottom: dexmethylphenidate structure. Right: Static LDA orbitals in
methylphenidate for P&Z (Perdew-Zunger) Exchage-Correlation functional.
The HOMO-LUMO gap is 3.3 eV (Hydrogen in white, Carbon in gray, Oxygen in red and Nitrogen in blue).

specie. It has been isolated and is comercialized with the name of Focalin.
Optical characterization of enantiomeric species is a common procedure
in pharmacology. However, it was showed than optical absorption is not
a optimized tool for the complete enantioselectivity of chiral compounds.
Despite that methylphenidate is a widely used in treatment of childrens
with several behavior disorders, the amount of information about its optical
activity is practically zero. This is mainly caused because the procedures of
characterization only requires the value of the optical rotation for the D line
of emission of sodium. Ab initio methods have been used previously in the
study of the physical properties of methylphenidate, but these have been
focused to the structural characterization in order to obtain new drugs with
similar properties [68] or more recently to the description of the infrared
spectra. [15].
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Figure 3.5: Top panel: Calculated absorption spectra for methylphenidate
(red solid) and dexmethylphenidate (blue solid). The black points corresponds to experimental values of absorption for the methylphenidate obtained through an absorption scan in order to get the most intensity peak
using an HPLC device [212], the green point corresponds to the maximun of absorption used for the identification of this compunds in solvent [107]. Bottom panel: Circular Dichroism spectra of methylphenidate
and dexmethylphenidate. The rotatory strength of the low energy transitions is comparable to the high energy ones.
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The results obtained for the optical absorption and ECD for methylphenidate
are showed in Figure 3.5, inserted in the same place some experiments set up
in the UV range for methylphenidate in solution are plotted. The HOMO →
LUMO transition has a weak strength, and two representative peaks (labeled
with A and B) are in good agreement with the experimental results. The
peak A corresponds mainly to HOMO-1 → LUMO, and it is in good agreement with the experimental result (green point), the experiment has been
performed [107] in order to get the maximun wavelength of absorption for
methyloxirane in chloroform, the peak B (the most intense) fits the experimental results, these were done for methylphenidate in a solution composed
by chloroform and diphenylimidazole [212]. The ECD spectra shows than
the two labeled transition are perfectly defined and they have a rotatory
strength with the same order the magnitud, this result is very important for
the enantioselectivity of both species.
3.2.6.3

Alkenes: trans-cyclooctene, β-pinene and α-pinene

In this section we present the calculated ECD spectra for three different
alkene molecules: trans-cyclooctene, β-pinene and α- pinene. These molecules
were chosen due to availability of gas-phase experimental data of ECD in a
large range of frequencies (5–9 eV)9 and of quantum-chemistry and TDDFT
results. Hence, they constitute a valid benchmark to evaluate the performance of the computational scheme described in this article. The structures
of the molecules are taken from the supporting information of Ref. [159],
and were obtained via Monte Carlo searching and subsequently relaxed using DFT at the B3LYP/6-31G* level.
The calculated rotatory strength functions are shown and compared with
experimental data in Figs. 3.6, 3.7 and 3.8. The most important bands
that constitute the ECD spectra are indicated with capital letters. For all
molecules studied here the calculated rotational strength function presents
a very good qualitative agreement for what concerns both the sign and the
shape of the spectra. The experimental peaks are often due to a superposition of several electronic transitions, and for this reason the calculated
spectra (bottom panels of Figs. 3.6–3.8) are shown for two values of broadening given by the parameter δ of Eq. 3.16: the larger one (solid red) is
adopted to simulate the bandwidth of the experiments,10 the smaller one
9

Our calculations do not take into account the solvent, while most experiments are
done in solution. Therefore, for a benchmark of our theory the existence of experimental
gas-phase data is compelling.
10
Beside the superposition of different excitations that are not resolved in the experi-
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Figure 3.6: Computed ECD Spectrum of (S)-trans-cyclooctene (bottom)
and experimental results for the same molecular species in the gas phase
(top). The theoretical rotatory strength function (red-dashed, blue-dotted)
was calculated for two different values of the broadening, as detailed in the
legend. The experimental data are reproduced from Ref. [157]

(dotted blue) is adopted to resolve the underlying excitations beneath each
peak. Looking at the position of excitation energies, as in the case of methyment, the bandwidth is also determined by temperature and vibrionic effects that are not
taken into account in our work
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Figure 3.7: Computed ECD Spectrum of (1S,5S)-β-pinene (bottom) and experimental results for the same molecular species in the gas phase (top). The
theoretical rotatory strength function (red-dashed, blue-dotted) was calculated for two different values of the broadening, as detailed in the legend.
The experimental data are reproduced from Ref. [157]

loxirane, we observe a systematic underestimation with respect to the experimental value ranging from 0.7 eV to 0.8 eV for the first peak, and a
similar trend for the rest of the spectra. The effect of the ground state
geometry on the ECD spectrum for these systems has been investigated in
detail by McCann and Stephens [159], concluding that it plays only a mi-
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Figure 3.8: Computed ECD Spectrum of (1R,5R)-α-pinene (bottom) and
experimental results for the same molecular species in the gas phase (top).
The theoretical rotatory strength function (red-dashed, blue-dotted) was calculated for two different values of the broadening, as detailed in the legend.
The experimental data are reproduced from Ref. [157].

nor role. This discrepancy should therefore be ascribed to another source.
The most probable origin is the approximation used for the exchange and
correlation functional. McCann and Stephens [159] also showed that the excitation energies strongly depend on the used functional for these molecules,
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observing a systematic underestimation by 0.3–0.4 eV relative to experimental data when the B3LYP functional is used. The same effect is observed
for α-pinene in Ref. [57], where an underestimation by 0.53 eV and 0.33 eV
is found using the BP86 and B3LYP functionals, respectively, while BHLYP
and post Hartree-Fock methods (Coupled Cluster CC2 and Multi-reference
MP2) give overestimations of the frequencies of the peaks. It is not surprising that exchange-correlation effects play a significant role also in our work,
considering, for example, that the lowest excitations of the alkene molecules
present a large participation of Rydberg states that are not well described
by the functional used in this work due to the lack of the 1/r tail in the
potential[10; 229]. Indeed using a potential behaving as 1/r, improved results may be obtained, yet not in quantitative agreement with experimental
data. In our case what is somehow remarkable is that in spite of the fact
that the spectra are shifted, the relative difference of excitation energies is
well reproduced, as well as the relative intensities. Besides the systematic
redshift of the peaks in the results of Figs. 3.6–3.8, our method reproduces
well all the main experimental features for the studied molecules, even for
the high-energy part of the spectrum.
In the case of the trans-cyclooctene molecule (Figure 3.6) we obtain the
main experimental features, namely the positive peak A, the shoulder B
and the huge negative peak C. B and C are critical to reproduce in calculations. For instance, Diedrich and Grimme [80] were not able to reveal
these fingerprints by a TDDFT calculation by using the sum over states of
Eq. 3.24 and the BHLYP hybrid functional. Instead, in the same reference
they attained a very good agreement with the experimental results by using
a multi-reference CI method.
Also for the β and α-pinene (Figs. 3.7 and 3.8) we observe the correct
sign and shape of the peaks. Our computed ECD spectrum for β-pinene
is very similar to the results of a B3LYP calculation [159]. In the case of
alpha-pinene previous B3LYP [57; 159] and CC2 [57] results predict a huge
positive and negative peak, respectively, around 7 eV, which is not present
in the experimental data. Instead, we are able to reproduce the plateau
at high energy (D), which becomes evident by using a broadening factor
δ=0.2 eV. This better agreement can be explained by the several factors that
differentiate our method from a sum over states formulation in a basis set
representation: the systematic convergence of the discretization parameters
that ensure that the electronic system will not be artificially constrained,
the fact that the present method does not require unoccupied states, and
finally the inclusion of self-consistency effects of the Hartree and exchange
and correlation kernels.
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Magneto-optical Activity of Finite systems11

In the last years several a renewed interest linking magnetic fields and the
origin of chirality on earth has arisen[12; 198]. Recently, several experiments
have showed that is possible to get an enantiomeric excess in chemical reactions from racemic mixtures when the reaction is carried out in presence of
intense static magnetic fields but without any perturbation of external polarized light sources[233], this asymmetry in the reaction was theoretically
described by Wagniére and Meier[247; 248] and appears as a small positive
or negative shift in the absorption coefficient depending on the enantiomeric
specie, this phenomena is known as magnetochiral anisotropy.
The Faraday effect most widely known as magneto-optical activity has
grew in importance as fundamental spectroscopic technique for the description of both the ground states and excited states in molecular systems and
more extended for highly symmetric structures. Its absorptive counterpart,
the Magnetic Circular Dichorism (MCD) was initially ignored by the experimental community however its popularity is increasing as a tool in the characterization of the excited states thanks to the modern light sources[20; 158].
The first theoretical description of the Magnetic Circular Dichorism
(MCD) phenomena is due to Stephens and Buckingham[30; 220], from these
seminal works a traditional division in the terms that contributes to the
MCD spectrum has been applied, the A originated if either the initial or final
electronic state is degenerate at zero field, in that case the splitting of degenerate components in the applied field produces a derivative-shaped term
(inversely proportional in magnitude to the transition bandwidth) that may
be considered the generalization of atomic Zeeman spectroscopy to the broad
band shapes of finite systems, the B term associated with the perturbation
of the electronic levels due to the magnetic field (this term is present in all
systems) and the C term associated to change of the electronic population
in the system (a temperature-depended term). The first two terms appears
in closed-shell molecules and the third one in open-shell systems[158]. This
has been successfully implemented on different computational schemes such
as the Pariser-Parr-Pople semi-empirical approach[162], quadratic response
functions[50], coupled cluster[49], finite perturbation method[97], time dependent density functional theory in localized basis-set[207–209], highly cor11
This section is largely an adaptation of the work by Leonardo A. Espinosa-Leal,
Daniele Varsano, Rosa di Felice and Angel Rubio: Toward a unified real-time real-space
description of Magneto Optical response in closed-shell molecular systems in preparation. As such, the reported work includes collaboration of the rest of the authors of the
article.
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related multiconfigurational ab initio methods[70] among others. In a recent
paper by Solheim et al [213] a new proposal about the integration of the A
and B MCD-terms in one temperature-independent unified term was done
using the complex polarization propagator [214]. Recently, a similar realspace real-time implementation of the magneto optical response has been
published[137], our work described in this section was developed simultaneously. Most of numerical methods able to calculate the magneto-optical
response are based on localized basis set in frequency domain throughout
a sum over states. This approach can be advantageous in the low-energy
region where just few unoccupied states are necessary, however it is difficult to converge in a large range of frequencies as needed in the recent
experiments. In this section we build up an efficient scheme under real-time
real-space methodology going a step further to the theoretical development
established in the previous section.

3.3.1

Theoretical background

Magneto Optical Activity (MOA) relies in the differential absorption of
Left/Right circularly polarized light in presence of a constant magnetic field.
Beside the experimental definition is the same of Natural Optical Activity
(NOA) (apart the magnetic field) its microscopical origin is completely different. Following the same path of the section 3.2 we start with the definition
of dichroism as the difference in the dispersion coefficients between left (−)
and (+) right polarized light ∆n = n− − n+ , in this case we focused our
study in the interaction of an individual molecule with an electromagnetic
field with the addition of an applied static magnetic field (B), then we will
remove also the restriction to the chirality of the molecule as the MCD is
present both in symmetric and non-chiral molecules. More explicitly we
have that the complex optical rotation is
Φ̂ = φ − iθ =

ω
∆n
2c

(3.29)

here φ is a measure of the rotation of the plane of polarization which is
related with the refraction indexes and give rise to the Magnetic Optical
Rotation (MOR), θ is the ellipticity linked to the absorptive part and related
to Magnetic Circular Dichroism (MCD). The equation for the components
of the induced electric (pi ) and magnetic (mi ) moments in a single molecule
are (in the Einstein’s sum convention) respectively:
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pi = αij Ej + βij Bj′
mi =

χij Bj′

+ γij Ej

(3.30a)
(3.30b)

where B′ is the magnetic field of the electromagnetic external radiation, α
is the electric polarizability, χ the magnetic susceptibility and β and γ the
crossed tensors that couples the induced magnetic and electric fields. Now
applying a static magnetic field B to the system the polarizability tensors
at first order in B can be written as
(0)

(1)

αij = αij + αijk Bk + . . .
βij =

(0)
βij

+

(1)
βijk Bk

+ ...

(3.31a)
(3.31b)

In an isotropic medium, the tensors can be replaced by its isotropic aver(0)
(0)
(1)
age: αij = α(0) δij and αijk = α(1) ǫijk , where α(0) = 31 αij δij and α(1) =
1 (1)
6 αijk ǫijk ,

here δij and ǫijk are the Kronecker and the Levi-Civita symbols
respectively. So when a external magnetic field B is applied, Eqs.(3.30)
become at first order
pi = α(0) δij Ej + β(0) δij Bj′ + α(1) ǫijk Ej Bk
+ β(1) ǫijk Bj′ Bk
mi = γ(0) δij Ej + χ(0) δij Bj′ + γ(1) ǫijk Ej Bk
+ χ(1) ǫijk Bj′ Bk

(3.32)

(3.33)

Solving the Maxwell equations and considering a circularly polarized light
propagating in the z component of the form E± = E (0) exp [iω(t − zn± /c)] (i±
j) the expression for the left and right dispersion indexes in a presence of a
static magnetic field are:

n± = 1+2π α(0) + χ(0) ∓ iβ(0) ± iγ(0)
(3.34)
+ (±α(1) ± iχ(1) + β(1) − γ(1) )Bz ]
a general expression for the total dichroic response can be obtained from the
difference in both left and right dispersion coefficients. Then the complex
optical rotation reads
Φ̂ = −

 

2iπω
−β(0) + γ(0) + α(1) + χ(1) Bz .
c

(3.35)
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When the tensors β(0) and γ(0) are different to zero the system is optically
active and the imaginary (real) part of these tensors is responsible for the
circular dichroism (optical rotation) signal, in a similar way, in presence of
a magnetic field α(1) and χ(1) play an analogous role to β(0) and γ(0) being
responsible for the magneto optical activity. In most cases α(1) ≫ χ(1) ,
then we can estimate our MCD strength function from imaginary part of
the Eq.(3.35) considering an isotropic non magnetic and non optically active
medium
o
πωB n (1)
ℑ iαijk ǫijk
(3.36)
3c
We have shown that MCD is proportional to the non-diagonal terms of
the magnetically perturbed polarizability. Next we show how to get this
response by means of time propagation.
θ(MCD) =

3.3.1.1

Time propagation formalism

In this approach the electronic density is obtained from the ground state
Kohn-Sham hamiltonian perturbed with a constant magnetic field in the k
direction Bk = B, posteriorly a perpendicular and constant small electric
field is applied to the system at t = 0+ : (Ej (r, ω) = εj · δ(t)). The non
diagonal components of the perturbed complex dynamical polarizability can
be obtained from the Fourier transform of the time propagated induced
electric dipole pki (t) = hΨk (t)|ri |Ψk (t)i (Ψk (t) are the the time-dependent
Kohn-Sham orbitals under magnetic perturbation in the k direction)
Z
2π ∞ i(ω+iδ)t k
e
· pi (t)dt.
(3.37)
αijk (ω) =
εj 0
Therefore the equation for the induced ellipticity (Eq.(3.36)), considering a
constant magnetic field B in the three Cartesian directions can be written
as follows
2 π 2 ωB
θ(MCD) =
3 cε

Z

∞
0

cos[(ω + iδ)t] · pkij (t)ǫijk dt

(3.38)

here pkij (t) means the time propagated induced electric dipole calculated in
the i direction when the constant magnetic field is applied in the k direction
and the electric perturbation runs in the j direction. This approach describes
the magnetic dichroic response in closed-shell molecular systems 12 .
12

here the spin is not taken in account however this formalism can be extended to
open-shell molecules to obtain a temperature-dependent term (the C Faraday term).
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3.3.2

Results and Discussion

In this section different calculations of the Magnetic Circular Dichorism
spectrum using our real-time implementation will be shown. Calculations
were carry out using a post processing routine in the OCTOPUS[36] code.
The simulation parameters are the same of the section 2.3 except that the
time step was reduced to of 0.01 ~/eV time units (0.007 fs) to keep the stability during the propagation. The geometries of the benchmark structures
were optimized using LDA exchange-correlation functional with a localized
basis set methodology
In practice, to get the MCD spectrum we perform a time-propagation calculation of the Kohn-Sham electronic density perturbed by a delta-kick electric field under the influence of a static magnetic field, recording the propagation in time of the induced electric dipole and then extract the non-diagonal
terms of the real part of the complex polarizability. The procedure should be
applied in case of a non-symmetric system in the three polarization directions
each one perturbed in the perpendicular direction and with the magnetic
z − αz ) + (αy − αz ) + (αx − αx ).
field in the normal axis to those two: (αxy
zx
yx
xz
yz
zy
The number of terms to be calculated can be reduced under symmetry conz = −αz ).
siderations in some systems that satisfies the rule (αxy
yx
3.3.2.1

Benchmark molecules: Aniline, benzonitrile, indole and
4-aminoindole studies

A set of small molecules divided in two groups have been chosen to test our
implementation for the calculation of the magneto optical response: benzonitrile, aniline, indole and 4-aminoindole, mainly because of the availability of
experimental data[162]. In Figure 3.9 we show our results compared with
experiments for benzonitrile and aniline and in the Figure 3.10 for indole
and 4-aminoindole. The low symmetry in these molecular structures enhances the B term (identified by positive or negative isolated peaks on the
two sides of the absorption band) over the A term (identified by the alternation of sign over the width of the absorption peaks, characteristic of a
π → π ∗ transition) at low energy transitions. However the the A term is
also important at high energy excitations because there are axis of symmetry in the structures, which it is consequently associated with the electronic
degenerate excited states.
The results in Figures 3.9 and 3.10 show a good agreement with the
experiments. The sign of the peaks in the calculated MCD are in good
agreement with the experimental data, however the intensity is slightly dif-
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Figure 3.9: Top: Optical absorption spectra and bottom: Magnetic Circular
Dichroism (MCD) strength functions for benchmark systems in the LDA
approximation (in black) in comparison with the experimental result (in
red). In the left part the results for Benzonitrile and in the right part the
results for aniline. Inserted in each absorption spectrum a representation
of the respective molecule is showed (Hydrogen in white, Carbon in gray
and Nitrogen in blue).

ferent. In the symmetric structures (benzonitrile and aniline) the calculated
spectra depicted in Figure 3.9 preset a red-shift by about 0.2 eV. For the
non-symmetric molecules (indole and 4-aminoindole) shown in Figure 3.10
the change of sign is again in agreement but there is a small difference in
the intensities at low energy combined with the same red shift. The theoretical work by Miles et al.[162] based on semiempirical methods for a
molecule without degenerate states predicts the first three absorptive peaks
in both the benzonitrile and aniline in agreement with our results. However
their results for the MCD spectrum in the benzonitrile shows a first low
energy positive peak followed by a negative peak and then a positive peak.
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Figure 3.10: Top: Optical absorption spectra and bottom: Magnetic Circular
Dichroism (MCD) strength functions for benchmark systems in the LDA
approximation (in black) in comparison with the experimental result (in
red). In the left part the results for 4-aminoindole and in the right part
the results for indole. Inserted in each absorption spectrum a representation
of the respective molecule is showed (Hydrogen in white, Carbon in gray and
Nitrogen in blue).

Our calculations show that the experimental negative peak around 5.6 eV
is formed by two negative peaks and then a positive peak. In general the
MCD spectrum for benzonitrile shows that all low energy transitions are
from non-degenerate states. The result for the aniline show that the first
two transitions are non-degenerate but the transition at 6.2 eV is from a
degenerate state. The result for the 4-aminoindole presents the same behavior than the previous benchmark systems, and additionally our results
show that the transition around 5.4 eV is of π → π ∗ nature. The same for
the the high energy transitions in the indole. In general from our results we
have that the real-time formalism can reproduce the characteristic B terms
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Figure 3.11: Top: Optical absorption spectrum and bottom: Magnetic Circular Dichroism strength function for the C60 fullerene in the LDA approximation (in black) and the experimental result (in red)[71]. The propagation
time was 50 ~/eV time units equivalent to 33.9 fs. Inserted a representation
of the C60 fullerene is showed.
in the MCD spectra. If we want to study the contribution of the A term in
the MCD signal it is necessary to analyze the spectra of a highly symmetric
structure. In the next section we will show the results for the C60 fullerene.
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3.3.2.2

The case of the MCD in fullerenes: C60

The C60 fulleren is a very interesting case to analyze using Magnetic Circular
Dichroism spectroscopy, its high symmetry allows a notable enhancing of the
A term, however also a important contribution from the B term is expected.
A complete analysis of the optical[110] and magneto optical[137] properties
of this molecule has been performed in past works using the Time Dependent
Density Functional Theory at different levels of the exchange-correlation
functional. The relative intensities of the first electronic transition are well
described at LDA level (See Figure 3.11 where the optical and MCD spectra
is compared to experiments). However the functional underestimate the
position of the absorption bands in more than 0.5 eV. The MCD spectrum
at LDA level show that the three main peaks have origin in the contribution
of the A term, this result is correct from the experiments only for the first
peak. In a recent work by Coriani et al.[64] the authors shed light on the
nature of the MCD spectra of the C60 . They found that using a long-range
corrected hybrid functional (CAM-B3LYP) the magneto dichroic spectrum
presents the correct behavior in the low energy range. In their work a
correct behavior from an A term is found and then two peaks with a major
contribution from the B term.
3.3.2.3

A comment about the sum-rules using non-local pseudopotentials

Pseudopotentials are widely used in order to reduce the computational cost.
Very good results have been obtained in DFT and TDDFT for the calculation of the optical absorption spectra, but care must be taken when dealing
with magnetic fields. One of the most extended schemes is the KleinmanBylander [115] separation into local and a fully no-local terms rise to reduce
the computational effort in the description of the inertial core. It has been
shown in previous works[100; 186] that when dealing with non-local hamiltonians (as in the case of pseudopotentials) coupled with magnetic fields,
particular attention have to be take in order to ensure the gauge-invariance
of the quantities. This fact was regarded with detail in the previous section
for the case of the natural optical activity (see section 3.2) and it will be
briefly commented here in the case of the magneto optical induced response.
For MCD the short time behavior (see Appendix C) for the dipole moment is given by
h−ex(t)i =

Ne e3 Bk 2
t ,
2m2 c

(3.39)
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We note that the sum rule is not fulfilled here because of the non-local part
of the pseudopotential used in the calculations. In general the sum rule with
its nonlocal potential read as


Ne e2 B
i
h−ex(t)i =
(3.40)
ek + [Vnl , r]y t2 ,
2m2 c
~
therefore the non-local part of the pseudopotential has an important role in
the dipole moment time evolution. This importance is directly linked with
the sum rules that has to fulfill the Magnetic Circular Dichroism (MCD)
(see Appendix C).

Chapter 4

Applications
A theory has only the alternative of being right or wrong.
A model has a third possibility: it may be right, but
irrelevant.
Manfred Eigen
in The Physicist’s Conception of Nature.

In this chapter we present applications of the theory described in Chapters 2 and 3. In the section 4.1 we describe the optical spectroscopy of
charged species focusing our study in two types of molecular systems: Nitrophenolates and tetrathiafulvalenes. In section 4.2 we present the results
about the change in the electronic properties in both ground and excited
state due to intercalation of cationic porphyrins on guanine quadruplexes
(G4) wires and finally in section 4.3 we show how the supramolecular agregation of linear metallic chains via weak interactions changes the optical
spectrum.
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4.1

4. Applications

Optical spectroscopy of charged systems: PNitrophenolate Anions and Tetrathiafulvalene
cations

In the recent years the scientific research has spent many effort in new developments in field of molecular electronics, especially because the new technological tools and chemical synthesis permit a controllable manipulation
and assembling of structures at atomic scale. One of the most important
problems relies in the conversion of solar in electric energy, where the ratio
between efficiency and low fabrication cost is the milestone. A key quantity
in the characterization of the electronic property is the gap. Following this,
the chase is focused in to find stable molecular systems with tunable gaps.
In this section we report a joint theoretical/experimental research based
on TDDFT and absorption spectroscopy in vacuo to study the electronic
structure of two amphoteric structures of high technological interest: Pnitrophenolates and tetrathiafulvalenes. The first set of molecular systems
(P-Nitrophenolate and its anionic derivatives) are of great importance due
its non linear optical properties[44; 108], which are good candidates to be
employed in more efficient optical devices with impact on laser technology, optical communication and optical data storage[169]. In this first
part we combine gas- and solution-phase theoretical spectroscopy providing the first benchmark of theoretical excitation energies for nitrophenolates. The second group (Tetrathiafulvalene cationic isomers) represent one
of the most revolutionary molecules in nanoelectronics due to its unusual
stability in solid state[16; 205] with the possibility to form related compounds like organic metals with properties such as semiconductivity[65; 257]
and superconductivity[254; 256]. In this second part we perform theoretical calculations to show unambiguously that the low-energy absorptions by
tetramethylthiotetrathiafulvalene and tetrathianaphthalene cations in solution phase are due to monomers and not π-dimers.

4.1.1

P-Nitrophenolate Anions

Hyperpolarizable organic molecules that display intramolecular charge transfer (ICT) transitions are important building blocks for advanced optical
materials.[44] One such class of species is the p-nitrophenolates that serve
as donor-acceptor molecules, or so-called push-pull chromophores, since an
electron is transferred from the negatively charged phenolate to the nitro
group upon photoexcitation, with a significant change in the charge distri-

4.1. Optical spectroscopy of charged systems: P-Nitrophenolate Anions and
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bution. The ππ ∗ transition is not purely CT in character due to the highly
delocalized donor and acceptor orbitals. Both the phenolate and nitro group
oxygen atoms are strong hydrogen-bond acceptors and the nitro group has an
additional tendency to coordinate with metal centers-properties successfully
employed for engineering of nonlinear optical (NLO) materials.[43; 168] In
this regard, it is advantageous to know the intrinsic absorption of the isolated
molecule or ion to shed light on the electronic perturbation by a microenvironment and, not least, to provide a reference to benchmark theory1 . An approximate approach is to characterize molecules spectroscopically in solvents
of varying polarity and thereafter to extrapolate to vacuum. Several scales
have been developed based on the energy of inter- or intramolecular CT
transitions, such as the Dimroth-Reichard ET(30),[58; 196] the Z-scale,[122]
the π ∗ -scale,[105] and taking into account H-bond interactions.[106; 225] The
situation is more complicated when one wants to correlate the ICT of anionic
nitrophenolates with solvent polarity. Ionophores are not easily dissolved in
nonpolar solvents and even then there are field effects from counter ions.
In polar solvents, the ground and excited states are stabilized to different
extents, which results in solvatochromic shifts.
To determine the intrinsic optical properties, it is necessary to carry out
experiments on bare molecular ions in vacuo. Herein we report gas-phase
absorption spectra of four p-nitrophenolates, a, b, c, and d (Figure 4.1).
[55; 102; 126] The ions are characterized by different p-conjugated spacers between the donor and acceptor groups and were chosen to elucidate
the influence of the number of phenylene spacers and deviations from planarity. Results are compared to advanced quantum-chemical calculations
and solution-phase measurements. Gas-phase spectroscopy on molecules
that are easily evaporated is routinely done whereas experiments on ions
require specialized instrumentation. An inherent problem in the latter case
is the presence of too few chromophores to cause a measurable decrease in
the incoming light intensity, implying that conventional spectroscopy does
not work. Instead, gas-phase UV/Vis absorption spectra are derived from
the photoinduced homolytic dissociation of the chromophore and by monitoring one or more of its photoproducts. For the experiments was used
1

This section is largely an adaptation of the article: Maj-Britt Suhr Kirketerp, Michael
Åxman Petersen, Marius Wanko, Leonardo Andres Espinosa Leal, Henning Zettergren, Françisco M. Raymo, Angel Rubio, Mogens Brøndsted Nielsen, and Steen Brøndsted Nielsen: Absorption spectra of p-Nitrophenolate Anions in Vacuo and in Solution
in ChemPhysChem 10, 1207 - 1209 (2009). As such, the reported work includes collaboration of the rest of the authors of the article. This paper can be downloaded from
doi:10.1002/cphc.200900174.
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Figure 4.1: Phenylogous nitrate ions (a, b, d) and a combination of a
phenylogous and a vinylogous nitrate ion (c) chosen for study.

the electrostatic ion storage ring in Aarhus (see [113] for the experimental
details), ELISA, which, when combined with lasers, work as a gas-phase
optical cell.[3; 166; 174]
The dominant reaction after photoexcitation of nitrophenolates is loss
of NO, occurring on a ms to ms time scale, and identified by operating
ELISA as a mass spectrometer.[223] The number of photoexcited ions as a
function of λ was obtained from exponential fits to time decay spectra and
normalized by the photon flux and ion beam intensity (Figure 4.2). The
lowest-energy absorption maxima are at 392, 541, 660, and 775 nm for a, b,
c, and d, respectively. Thus, our data show that λmax red-shifts along the
progression a, b and d. The absorption of the stilbene derivative c is found
intermediate that of b and d.
Excited-state calculations were performed with methods that include
different kind of approximations and errors. The coupled-cluster linear response approach CC2[46] is size extensive and therefore suitable to predict
the dependency of the excitation energy on the system size. It yields accurate results when the ground-state is well described by a single configuration
and the excited state under investigation is dominated by single excitations.
The spectroscopy-oriented configuration interaction method (SORCI)[171],
implemented in the ORCA package[170], is an ab initio multi-reference
approach that yields reliable excitation energies also for multiconfigurational ground-states and has been successfully applied to transitional metal
complexes[172] and to the protonated Schiff base of retinal[95; 252]. It is
only approximately size consistent due to the empirical Davidson correction
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Figure 4.2: Gas phase absorption spectra. The vertical lines are calculated
λmax values, in blue CC2 and in red TDDFT.

of the MRCI contribution to the energy. Time-dependent density functional
theory (TDDFT) is applied both in the linear-response (TURBOMOLE)[2]
and in the time-propagation scheme, as implemented in the OCTOPUS
package[36; 150]. It allows us to obtain excitation energies in the basis set
limit using a converged LCAO basis or a real-space grid (OCTOPUS). The
error depends on the approximation to the exchange-correlation functional.
If not denoted otherwise, the geometries have been optimized at the
MP2/TZVPP level of theory using the resolution of the identity approximation with the default auxiliary basis sets. In the excited-state calculations,
the following basis sets were employed, respectively: 6-311++G(d,p) (linear
response TDDFT), aug-cc-pVDZ (CC2), and aug-SV(P) (SORCI). TDDFT
time-propagation calculations for the optical response were performed using
the OCTOPUS real-space code and the PW91 functional.[184] A uniform
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Table 4.1:
Longest-wavelength absorption maxima (λmax ) of pnitrophenolatesa in different solvents and in the gas phase. The values of
λmax are in nm.
Str.

Solution
H2 O

MeOH

Toluene

Gas phase
MeCN

Exp.

Theory
CC2

TDDFT

a

402

387

408

430

392

389

379

b

400

406

472

507

541

570

593

c

435

504

543

660

608

626

d

377

445

466

775

752

918

a

As sodium phenolate in solution (obtained by deprotonation of corresponding phenol by NaOMe).

grid with spacing of 0.2 Å and a simulation box composed of spheres of
6.0 Å radius around each atom. The Kohn-Sham orbitals were propagated
for 10 fs using a time step of 0.002 fs. TDDFT linear-response calculations
were performed with the gradient corrected PBE functional and the corresponding hybrid functional PBE0.[1] In the SORCI calculations, all natural
p orbitals were included in the reference space and the same thresholds were
used as in the retinal studies. Solvent calculations were performed with the
conductor-like screening model COSMO, as implemented in TURBOMOLE
and ORCA, using default parameters for dielectric constants, atom radii,
and refractive indices.
Theoretical results were obtained with time-dependent density functional theory (TDDFT)[150] and the CC2 coupled-cluster linear response
methods.[46] The dipole-allowed ππ ∗ transition is to the 21 A1 excited state,
which is lowest in energy. The frontier orbitals are of B1 symmetry (C2v ),
and the transition dipole moment is along the long axis of the molecule.
CC2 transition energies (Figure 4.2 and Table 4.1) are in excellent agreement with the experiments. TDDFT performs as well for a, b, c but less so
for d (Table 4.1).
Both DFT and MP2 predict non-planar geometries for b and d but a
nearly flat potential energy surface. The planar transition state for b is 0.02
eV above the minimum (MP2/TZVPP). The dihedral angle between the
phenyl rings depends on the method. Hybrid DFT (PBE0/TZVP) predicts
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Table 4.2: Vertical Excitation Energies (nm), Oscillator Strengths f , and
Difference Dipole Moments |µ10 | (Debye) of the Lowest Valence States.
a

b

c

d

21 A1 f

|µ10 | 21 A1 f

|µ10 | 21 A1 f

|µ10 | 21 A1 f

|µ10 |

PBEa

379 0.37 0.9

593 0.53 0.3

626 0.71 0.5

918 0.53 2.2

PBE0a

353 0.46 1.8

532 0.68 3.2

564 1.04 3.2

832 0.60 4.1

CC2

389 0.53 5.2

570 0.89 13.4 608 1.42 12.9 752 0.96 27.2

CC2b

556 0.97 12.6

SORCI 404 0.62 4.7

659 0.75 15.7

Exp.

544

a

390

725 1.25 23.0
607

760

With TDDFT.
Planar geometry.

b

Table 4.3: Solvent Shifts (eV) from SORCI and Different Solvation Models.a
a

b

C6 H5 CH3

CH4 O

H2 O

CH3 CN

C6 H5 CH3

CH4 O

H2 O

COSMO

-0.06

-0.02

-0.01

0.38

0.01

0.37

0.40

IP

0.75

0.65

0.66

1.08

1.13

1.08

1.07

IP+COSMO 0.47

0.29

0.30

0.79

0.80

0.80

0.79

Exp.

0.02

-0.09

0.17

0.35

0.77

0.82

a

-0.14

The geometries were optimized with MP2/TZVP including the COSMO reaction field. Shifts of the gas-phase vertical excitation energy were calculated in
presence of the solvent reaction field (COSMO), the Na+ counter ion (IP), and
both (IP+COSMO).

rotations of 15-22o and MP2/TZVPP 20.1-28.7o . According to MP2, the
angle decreases with the completeness of the basis set. Hence the planar and
non-planar geometries represent limiting cases to estimate the fluctuation in
the vertical excitation energy at 0.05-0.07 eV and 0.06-0.17 eV for b and
d, respectively, (Table 4.3); an angle of 0o results in a blue-shift. This may
explain the sidebands in the spectra as there are no other dipole-allowed
transitions in the region. The bands may, however, also be due to vibrational
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Figure 4.3: State-averaged natural orbitals from 2-root DDCI2 calculations.
Left: HOMO, right: LUMO

progressions.
The λmax of the anions in three solvents are given in Table 4.1. Phenolates were obtained by deprotonation of phenols using NaOMe as base. In
MeCN, the lmax of a is red-shifted by 38 nm compared to vacuum, characteristic for ππ ∗ transitions. A significant blue-shift is seen for the other
three anions, most pronounced for d (309 nm), in agreement with HOMO
and LUMO orbitals (Figure 4.3). Thus, SORCI[171] and CC2 calculations
predict a considerable CT from phenolate to nitrophenyl, and that the difference in dipole moment between the ground and the first excited state
increases with the length of the molecule, 27 D for d!(See the Table 4.2)
Counter ions and solvent dipoles therefore stabilize the ground state more
than the excited state, an effect that increases in the order b<c<d. The
CT is slightly enhanced by out-of-plane torsion of the phenyl rings, which
again increases in the presence of a counter ion. Nonetheless, the shift is
almost the same for the planar and the non-planar geometries. In water
and methanol, the blueshift is even larger for b, c, and d owing to H-bonds.
Sodium phenolates are not soluble in toluene, but are brought into solution
using the crown ether 18-crown-6 (18C6) that encapsulates Na+ in its cavity.
While the maxima in this medium are red-shifted relative to those in MeOH,
they are in fact all at higher energy than those in the more polar solvent
MeCN. Clearly, interactions with the metal ion play an important role in
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toluene. According to ion-pair calculations and a continuum electrostatic
model, H-bonding, structural effects and the shielding of the counter ion by
the crown ether in toluene are essential.

4.1.2

Tetrathiafulvalene Radical Cations and Isomers2

Tetrathiafulvalene (TTF in Figure 4.4) is a redox-active molecule that has
been explored considerably in supramolecular chemistry, molecular electronics, and materials science.[28; 29; 173] The ability of TTF and alkylthiosubstituted TTF radical cations to form π-dimers (TTF2+
2 ) has been a
subject of some controversy. TTF+ exhibits an absorption maximum at
a longest-wavelength absorption of 580 nm in CH3 CN,[99] which has been
assigned to an intrinsic absorption by the cation. However, in EtOH at 225
K, absorption at 714 nm is observed, and it was interpreted as due to the formation of π-dimers.[231] This assignment was supported by Khodorkovsky
and co-workers[111] from ESR studies and calculations. Recently, Sallé and
co-workers[144] demonstrated that dimerisation can be enforced between two
closely situated TTFs in a calixarene assembly, and along the same line Stoddart and co-workers[6; 51; 218] observed dimerisation in TTF-containing
rotaxanes and catenanes. For the radical cation of tetramethylthio-TTF
(TMT-TTF in Figure 4.4) and related derivatives, absorption around 840
nm was in several studies[45; 189; 217] ascribed to a π-dimer. Studies on a
bis-TTF macrocycle showed a concentration dependent absorption (in comparison to a higher energy absorption), which was taken as evidence of the
intermolecular character of the transition.[217] Nevertheless, ESR and calculational studies pointed in the opposite direction, namely that TMT-TTF+
cations do not dimerise.[111] Thus, while π-dimerisation is an intriguing design element for supramolecular chemistry, the substituents seem to play a
major role for its occurrence.
Here we shed further light on the intrinsic absorptions by TTF cations
from gas-phase experiments; these provide both the isolated molecule characteristics and, by comparison with solution phase absorptions, reveal any
possible solvent influence. In addition to TTF+ and TMT-TTF+ , we have
2

This section is largely an adaptation of the article: Maj-Britt Suhr Kirketerp,
Leonardo Andrés Espinosa Leal, Daniele Varsano, Angel Rubio, Thomas J. D.
Jørgensen , Kristine Kilså, Mogens Brøndsted Nielsen and Steen Brøndsted Nielsen:
On the intrinsic optical absorptions by tetrathiafulvalene radical cations and isomers in
Chem. Commun., 2011,47, 6900-6902. As such, the reported work includes collaboration of the rest of the authors of the article. This paper can be downloaded from
doi:10.1039/C1CC11936B.
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Figure 4.4: Sulfur-heterocycles. a. Tetrathiafulvalene (TTF), b. Tetramethylthiotetrathiafulvalene (TMT-TTF), c. Tetrathianaphthalene (TTN)
and d. Fused dithiafulvene (FDTF).

studied the properties of tetrathianaphthalene (TTN in Figure 4.4), an isomer of TTF. Spectra were compared to calculated excitation energies. A
third isomer of TTF was investigated theoretically, a fused dithiafulvene
(FDTF in Figure 4.4). First, absorption bands in solution for the radical
cations under study are listed in Table 4.4; values for TTF+ and TMT-TTF+
were taken from the literature.[99; 125; 217; 231] It was previously shown
that TTN undergoes one reversible oxidation and a subsequent irreversible
oxidation,[79] but to our knowledge the absorption properties of the radical
cation were never measured. For this reason we performed spectroelectrochemical studies on TTN. The cyclic voltammogram (CV) is shown in the
inset of Figure 4.5. A reversible oxidation was found at E0 (TTN+ /TTN)
= 0.36 V (half-wave potential) vs. Fc+ /Fc and an irreversible oxidation at
Ep (TTN2+ /TTN+ ) = 1.01 V vs. Fc+ /Fc. Spectroelectrochemistry revealed
a λmax of TTN+ at ca. 900 nm (Figure 4.5). We note that bulk electrolysis
was not completely reversible as upon returning to the neutral species some
other absorption features emerge, in addition to the expected disappearance
of the radical cation absorption band.
Our next objective was to measure the intrinsic absorptions by TTF+ ,
TMT-TTF+ , and TTN+ in vacuo. Action spectroscopy was done at the electrostatic ion storage ring in Aarhus, ELISA.[3; 166] Briefly, ions were formed
by electrospray ionization, accumulated in a 22-pole ion trap, accelerated as
a bunch to 22 keV kinetic energies, mass-to-charge selected by a bending
magnet and injected into the ring. In the absence of a stabilizing solvent,
the presence of dimer dications with the same m/z as the monomer cations
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Figure 4.5: Absorption spectra of TTN (red solid line) and TTN+ (blue
dashed line). Spectroelectrochemistry was done under a constant potential
of 0.507 V vs. Fc+/Fc. Upon returning to the neutral species (-0.113 V vs.
Fc+/Fc), some other absorption features emerge (green dotted line). The
inset shows the CV of TTN in 0.1 M TBAPF6 in CH3 CN.

in the ion beam is expected to be insignificant due to the Coulomb repulsion
between two like charges. This was verified by a mass spectrum of TMTTTF measured at another instrument providing higher mass resolution: the
isotope pattern is completely accounted for by monomers[114]. After storage
of the ions for 35 ms in the ring to allow for the decay of metastable ions,
the ions were photoexcited using a pulsed tunable EKSPLA laser (Nd:YAG
in combination with an OPO). The number of neutrals formed on one side
of the ring was measured as a function of time. Dissociation was a result
of one-photon absorption for TTF+ and TTN+ and also for TMT-TTF+
at low wavelengths (< 500 nm). At higher wavelengths the dissociation of
TMT-TTF+ was due to two-photon absorption. Cross-sections (relative,
not absolute, numbers) are obtained as the number of neutrals formed after photoexcitation divided by the ion beam intensity and the number of
photons in the laser pulse (raised either to the power of one or two).
First step in the study of the optical absorption in tetrathiafulvalene isomers is the geometrical parameters. Here we use a B3LYP/6-311++G(d,p)
methodology. In Figure 4.6 we show all obtained structures. We found first
that the neutral TTF is fairly folded in the same direction with C2v symmetry. However, the charged TTF is strictly planar with D2h symmetry. The
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Table 4.4: Absorption maxima of TTF radical cations and isomers (in nm).
For TMT-TTF+ the first theory data row corresponds to maxima for the
lowest energy conformer and the next row to another conformer. LDA and
CASSCF methods give similar results.
Compound
TTF+
TMT-TTF+

Solutiona
430b , 580b , 714c
470d ,

843d

Gas phase
Experiment

Theory

395, ∼590

368, 539

425, 540, 790

454e , 480 (sh)e ,

386, 424, 873
376, 519, 734

560 (sh)e , 850e
TTN+

900f

450, 815

511, 836

FDTF+

-

-

390, 773

a

Only wavelengths >400 nm are listed.
In MeCN.[99]
c In EtOH at low temperature.[231]
d In CH2Cl2.[217]
e In MeCN;[125] sh = shoulder.
f In MeCN; this work.
b

neutral FDTF structure shows two minimal structures one completely planar (local minimum with D2h symmetry) and another less energetic (global
minimum) lightly folded with C2h symmetry, the charged one is completely
planar with D2 h symmetry. Finally, the neutral TTN shows three minimal structures, the most energetic appears with planar D2h symmetry, the
second structure is folded with C2v symmetry (U-shape) and the minimal
structure presents a C2h (S-shape). The corresponding charged TTN shows
two minimal structures, first the most energetic with a planar (D2h ) symmetry and the global minimum presents a C2h (S-shape) symmetry.
In the case of cationic TMT-TTF structures we impose the symmetry
as a constrain during the relaxation process. In the Figure 4.7 we show
all obtained structures at B3LYP/6-311++G(d,p) level. The first group of
symmetries Ci and C2 are almost similar, two opposite methyl arms appears
in the same plane that the TTF main body and the other opposite are in the
same plane but perpendicular to the TTF. The energetic difference between
these two structures is around 2.34 meV (or 0.054 Kcal/mol). The next
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Figure 4.6: Obtained geometrical structures (neutral and charged) for
the different tetrathiafulvalene isomers. All structures were obtained using B3LYP/6-311++G(d,p) methodology. The relative energy with respect
the lowest energy structure for each isomer is indicated with ∆ and with δ
the energy respect the charged TTF structure.

conformer presents a D2 symmetry and the energetic difference with respect
the lowest energetic conformer is around 54.3 meV (1.25 Kcal/mol). The
last set of optimized structures present a similar geometric distribution with
the methyl arms lying in the same plane that the central TTF structure
(C2h , C2v , D1 and D2h ). The main difference between them is the rotation
of the methyl groups respect to the TTF that produces the constrained
symmetry. The difference between the less and most energetic structure
is around 92 meV (2.11 Kcal/mol) and with respect to the less energetic
conformer (Ci ) the difference ranges from 67.5meV (1.6 Kcal/mol) to 159.1
meV (3.7 Kcal/mol).
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Figure 4.7: Different structural relaxations for TMT-TTF cationic structures. The structures were obtained forcing the symmetry and using
B3LYP/6-311++G(d,p) level of optimization. The relative energy respect
the Ci system is indicated for each structure.
The resulting action spectra are shown in Figure 4.10, and the band maxima are given in Table 4.4. In addition, we have calculated the absorption
maxima for the compounds including also FDTF+ by time-dependent density functional theory using B3LYP/6-311++G(d,p). Other local and semilocal[36] functionals are able to describe properly the more intense bands
but fail in first excitations of TMT-TTF+ . In the Figures 4.8 and 4.9
we present the results over the minimal structures of the excited states at
different levels of exchange-correlation functionals (LDA, B3LYP and CAMB3LYP) and in some cases using an alternative methodology (CASSCF). As
we pointed out, similar results were found in all cases, however for TMTTTF there are strong differences in the description of the excitations in the
low energy range.
Extracted values from our calculations are provided in Table 4.4 and
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Figure 4.8: Gas-phase absorption spectra and calculated values (vertical
lines) for the lowest energy relaxed structure at B3LYP/6-311++G(d,p)
level and different methodologies and functionals for the excited states. The
intensities are normalised to the maximum peak. In the top: TTF+ and in
the bottom: TTN+ .
presented in a condensed way in Figure 4.10 by vertical lines. Structures were
optimised at the B3LYP/6-311++G(d,p) level, and a planar symmetry was
found for both TTF+ and FDTF+ while TTN+ adopts a folded geometry,
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Figure 4.9: Gas-phase absorption spectra and calculated values (vertical
lines) for the lowest energy relaxed structure at B3LYP/6-311++G(d,p)
level and different methodologies and functionals for the excited states. The
intensities are normalised to the maximum peak. In the top: TMT-TTF+
with both Ci , D2 and D2h symmetry, in the bottom: FDTF+ .
i.e., ionisation changes the conformation of the molecule. Good agreement
between experimental and calculated absorption maxima was obtained, and
from the calculations the lowest-energy absorptions for TTF+ (B), FDTF+ ,
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Figure 4.10: Gas-phase absorption spectra and calculated values (vertical
lines) at B3LYP/6-311++G(d,p) level. The intensities are normalized to the
maximum peak. For TMT-TTF+ the results appear in blue for the lowest
energy conformation (Ci ) and in green for the second one (D2 ).

and TTN+ (A) are assigned to π − π ∗ transitions from the SOMO-1 to
the SOMO, cf. Figure 4.11. The low-energy absorption at ca. 714 nm
by TTF+ in solution at low temperature (vide supra) is absent in the gas
phase spectrum, which supports the interpretation of this band as a π-dimer
absorption. In contrast, a low-energy absorption at 836 nm (A) of TTN+
in the gas phase indicates that the strong absorption in solution around
900 nm is an intrinsic absorption and not originating from π-dimers. This
lowest-energy absorption of TTN+ is significantly redshifted relatively to
that of TTF+ (by 225 nm in vacuo). As expected a solvatochromic redshift
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Figure 4.11: Kohn-Sham orbitals obtained from DFT/B3LYP calculations.
The positive (negative) part is depicted with blue (red), and the isosurfaces
were plotted with the 20%. of the highest isovalue.

is found for the π − π ∗ transitions in both TTF+ and TTN+ . The lowestenergy absorption of the FDTF+ isomer is calculated to be in between that
of TTF+ and TTN+ ; no experimental data exist for this ion. The strong
band at 395 nm for TTF+ (A) corresponds mainly to a SOMO to SOMO+2
transition which is of π − π ∗ nature. The band at 450 nm for TTN+ (B) is
ascribed to a SOMO to SOMO+1 transition (also π − π ∗ transition).

The gas-phase action spectrum of TMT-TTF+ displays three bands labeled A (425 nm), B (540 nm) and C (790 nm), respectively (Figure 4.10).
In the calculations, we took into account two stable symmetrical structures
(due to a low energy barrier for rotation of the methyl groups). The energy
difference between the two is around 54 meV, and the TTF core structure
remains almost invariant. In the lowest-energy conformer of Ci symmetry,
the two diagonally positioned methyl groups are in the same plane as the
TTF unit while the other two are perpendicular to the plane and in the
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opposite direction. In the other one of D2 symmetry, the methyl groups
are slightly inclined, opposite to each other, and perpendicular to the TTF
plane. Based on the calculations we assign the three bands to a π − π ∗
transition (A, Ci )/n − π ∗ transition (A, D2 ), a π − π ∗ transition (B, more
intense for D2 than for Ci ), and a charge-transfer transition from the external sulfur-methylthio to the central C-C bridge (C, both conformers).
Importantly, the presence of the low-energy band at 790 nm (C) is clear
evidence that in solution the origin of this band is from an intramolecular
transition and not the result of π-dimers, hence supporting the conclusion
of Khodorkovsky et al.[111] It is important to note that the signal giving
rise to the C band is the result of two consecutive absorption processes, and
that it therefore can be difficult to compare the intensity to those of the A
and B bands both of which are due to one-photon absorption. Also the laser
beam exit changes at 710 nm, which may cause slightly different overlaps
between the laser light and the ion bunch below and above 710 nm.
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Optical fingerprints of Guanine tetrads (G4)
wires stacked with Cationic Porphyrins (TMP)3

A great effort in the field of nanoelectronic has been addressed in the idea to
profit the mechanical and electronic properties of DNA molecular wires[83].
DNA is a good candidate because its structural and recognition properties,
anyway it has been proven that DNA presents poor electronic conductivity.[187]
For this reason, several DNA derivatives, with similar structural and recognition properties but possible better conductivity have been proposed as
block for nanoelectronics[98; 136]. A possible candidate proposed in the last
years are molecular wires made only by Guanine Quadruplexes (G4 or Gquadruplexes) with better properties in the electronic conduction.[141] This
structure naturally appears a the end of the telomers in chromosomes[31;
175] playing a role in the stabilization of the strands. This means that
G4 structures are potential anti-cancer drug targets and a great deal of
research is being put into investigating how intercalated molecules between
strand could play a role in the stabilization and telomer replication .[87; 119]
Recently has been shown that such guanine structures can be synthesized
in long wires with and without presence of interplanar ions[22; 23; 123;
124]. A most recent experiment (A. B. Kotlyar) explored the possibility
to intercalate TMP porphyrins in G4 tetrads wires with the aim to obtain perfect contacts and suspension of G4-wires on substrate. Porphyrinic
type molecules are important structures present in biological systems[153;
211]. They appear in fundamental and complex processes in nature such
as photosynthesis[160] or transport of oxygen in the blood (hemoproteins),
its structure is part of fundamental organic compounds: Vitamins, pigments, enzymes, cytochromes, etc. Recently, porphyrin compounds have
been used in nanotechnological applications due to its capacity to functionalize nanowires[140]. Fields such as optoelectronic devices, ligh-harvesting devices as well as solar cells[249] have been enriched by the arrival of porphyrinbased compounds.
The porphyrin/G4 compound has been then optically characterized by
measuring absorption spectra and circular dichroism[165; 262], and the differences in the optical signal with respect the G4-wire alone indicates a
strong interaction between G4 planes and the cationic porphyrin, this can
3
This section is largely an report of the work in progress by Leonardo Andres Espinosa Leal, Daniele Varsano, Rosa di Felice and Angel Rubio: First principle calculation
of the optical fingerprint of G4 tetrads and G4/TMP stacking interactions by time dependent density functional theory. As such, the reported work includes collaboration of the
rest of the authors of the work.
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Figure 4.12: Representation of the G4-wire with stacked cationic porphyrins
in a 1/8 ratio.[39] In the boxes are signalized the adjacent structures and
its moieties (five in total) studied in this work. Here G4 means Guanine
quadruplex and TMP cationic porphyrin.
be either intercalation or binding. Such experimental techniques can monitor and extract useful information of the processes concerning porphyrin,
alone or bonding with another structures. However, these can not give a
complete explanation of the nature of the electronic excitations or crucial
information about the structural bonding of the stack. In this situation
theoretical methods, especially ab initio-based methods, emerge as a powerful tool to complement experiments for describing the optical features in
complex biological systems[145; 152; 241].
Despite the importance of these molecular systems as we already pointed
out above, a complete theoretical study on porphyrins intercalated in G4
wires has been never carry out before. Taking advantage of the available
experimental results, the main objective of this work is to perform the calculations of the ground state properties, the optical absorption and circular
dichroism spectra using a divide et impera strategy considering the individual G4, individual TMP porphyrin and porphyrin/G4 structures. Due
to the flexibility of the system and the fact that experiments are done in
solution and at room temperature, structural fluctuations can play a very
important role in the determination of the electronic and optical properties [73; 216; 230; 234]. For this reason we consider a set of snapshots
extracted from molecular dynamics of the recently published stable trajectories for porphyrin-intercalated long G4-wires and then we compare with
the available experimental data. All the results from the calculations presented in this section were done using the OCTOPUS code[36] with the same
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Table 4.5: Electronic HOMO-LUMO gap (in eV) of the different molecular
systems studied in this work at LDA (Perdew-Zunger) level.
Structure

mds1

mds2

mds3

mds4

relaxed

G4

3.13

3.23

3.40

3.41

3.74

TMP

1.59

1.29

1.35

1.47

1.67

G4/G4

2.96

-

2.86

-

3.30

G4/TMP

0.086

0.049

0.130

0.084

0.265

G4/TMP/G4

0.282

-

0.043

-

-

parameters established in the section 2.3 at LDA (Perdew-Zunger) level.
The starting point of this work are a set of molecular structures obtained from the dynamical simulations performed by Cavallari et al. [39].
In this work the authors demonstrate the stability of long G4 wires with
intercalated cationic porphyrins in a ratio of 1/8 in a total time of 20 ns
without the presence of interplane cations. From this trajectory we extracted different snapshots at different times (mds1 at 1 ns, mds2 at 5.1
ns, mds3 at 10.1 ns and mds4 at 15.1 ns). We extract from each snapshot five different adjacent structures (See Figure 4.12), both isolated (G4
and TMP) and stacked (G4/G4, G4/TMP and G4/TMP/G4) then we proceed to study their electronic properties using DFT/TDDFT methodology.
Simultaneously we proceed to relax one set of equivalent structures (G4,
TMP, G4/G4 and G4/TMP) at B3LYP/6-311+G* level in order to study
the changes due to structural fluctuations on these systems in the ground
and excited state. Because the inaccuracy in describing van der waals interactions with the used functional, the stacked systems were built minimizing
the total energy with respect relative planar angles of the moieties keeping
fixed the stacking distance at the average value of the classical molecular
dynamic simulation: 4.5 Å for the G4/TMP and 3.6 Å for the G4/G4.
In our study we first focus on systems composed only by guanines (G4
and G4/G4 systems), and next we bring our attention on the effect of the
intercalation with porphyrin (G4/TMP, G4/TMP/G4 and TMP structures).
Calculations were done for different structures extracted from the dynamic
(see Table 4.5) and a particular snapshot (mds3) has been chosen for a
detailed analysis to highlight the difference with respect the equilibrium
relaxed structure.
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First we deal with the ground state properties of all structures, studying
the electronic gap and the Density of States (DOS) and how this properties
change with the structural fluctuations and the stacking process. Next we
study the electronic excited states looking at the optical absorption and
circular dichroic response: we analyze the change in the signal due to the
change of structural parameters and the stacking effect. In the calculation
of the ground state properties and the optical response, it is important to
mention here that we neglected the sugar-phosphate backbone, indeed, the
range of study lies in the UV-visible and it is well known that this only affect
the energy region above 6 eV.

4.2.1

Ground state properties of Guanine structures: G4
and G4/G4 stack

In the Figure 4.13 we present the density of states (DOS) for the G4 and
G4/G4 comparing the relaxed structures with the equivalent distorted mds3
snapshot. We can see that electronic density of states in the relaxed system
are highly pronounced and localized peaks in both, the occupied and unoccupied energy levels. This behavior can be explained due to the fact that
the four guanines that form the structure are equivalent and it induces a
four-degeneracy in the Kohn-Sham eigenvalues. For the mds3(G4) distorted
structure we have that the first peak in the occupied orbitals (corresponding
to orbitals from HOMO to HOMO-3) keeps its degeneracy, however to lower
energies appears a complete splitting of the energy levels. For the unoccupied states have instead that the degeneration of the eigenvalues remain
despite the structural fluctuations, the energetic shift is almost rigid for the
first set of orbitals. The main consequence of this change in the electronic
structure will appear in the low energy excitations where the first transitions of the mds3(G4) structure will present a shift with respect the relaxed
symmetry. This information can be complemented with the corresponding
Kohn-Sham orbitals.
The frontier Kohn-Sham orbitals for the G4 relaxed structure are depicted in the Figure 4.14. We labeled each set of Kohn-Sham orbitals on a
G4 structure with the H and L letters and for its four respective guanines
we use a greek letter (keeping this notation for all G4 structures described in
this section). We describe the composition of the first occupied/unoccupied
orbitals by means a linear combination of the individual wavefunctions localized in the guanines. For example, the HOMO is composed by the linear
combination of the individual orbitals of the four guanines in the H1,3 rep-
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Figure 4.13: Density of states spectrum (DOS). Top: For the isolated
guanine quadruplex (G4) and bottom: For the double guanine quadruplex
stack (G4/G4). In both, we show the result for the relaxed structure (in
black) and the equivalent distorted mds3 (in red). Inserted appears the
DOS in a larger energy range. The width of the Lorentzian was 0.1 eV.
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resentation, it reads HOMO=H1,3 (α + β + γ + δ)4 . The nature of the first
four occupied orbitals (HOMO to HOMO-3) is of π-type, localized mainly
on the carbon and oxygen atoms perpendicular to the plane of the structure, covering the whole four guanines or groups of two opposite ones. The
next group (from HOMO-4 to HOMO-7) are π orbitals mainly localized
on the oxygen atom lying in the parallel plane of the structure, the group
from the HOMO-8 to HOMO-11 show a mixing between π and σ orbitals,
in this case mainly localized on the nitrogen and oxygen atoms. The first
unoccupied orbitals exhibit a clear π ∗ symmetry, in the group from LUMO
to LUMO+3 the wavefunction is localized on individual atoms and is only
shared by two in the internal carbon-carbon bond. The next LUMO+4 to
LUMO+7 group has certain similarities with the first one, except that in
this case the wavefunction is not localized on the oxygen atom. The last set
of orbitals is localized mainly out of the molecule. This analysis is very important in the description of the excited states and will be discussed further
in the subsequent sections.
A comparison of the Kohn-Sham orbitals of the relaxed structure with
the orbitals of the dynamical snapshot mds3 shows that the first four occupied orbitals remain almost unchanged in their spatial structure, where
each orbital is distributed only on one of the four guanines, for the rest of
the occupied orbitals we have a mixing of the orbital, for example, HOMO-7
does not correspond to a localized π orbital on the oxygen atom, this is substituted by a lower orbital of the next group. The mixing is more intense for
most internal eigenvalues, this result is confirmed by the corresponding density of states in the top of Figure 4.13. In the case of the unoccupied orbitals
the situation is different, the symmetry of each orbitals is maintained but
the wavefunction is distributed mainly on one guanine in each group, e.g.
LUMO=α, LUMO+1=β in the first group or LUMO+4=β ∗ , LUMO+5=α,
LUMO+6=γ ∗ and LUMO=δ in the second group. This particular distribution of the Kohn-Sham orbitals reflects in less intense absorption peaks
with respect the relaxed (symmetric) structure. Essentially the structural
fluctuation causes a degeneracy breaking in the orbitals.
The stacked structure formed by guanine quadruplex (G4/G4) presents
an electronic structure similar to their moieties. In the bottom of the Figure 4.13 we show the density of electronic states for both the relaxed and
dynamical mds3(G4/G4) structure. This information can be complemented
4

In some cases, we found that the individual orbital that composes the total one is
geometrically equivalent but opposite in sign (multiplied by -1), here we use the asterisk
symbol (∗ ) to represent it.
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occupied
HOMO=H1,3 (α + β + γ + δ)
HOMO-1=H1,3 (α + γ ∗ )
HOMO-2=H1,3 (β + δ ∗ )
HOMO-3=H1,3 (α + β ∗ + γ + δ ∗ )

unoccupied
LUMO=L1,3 (α + β + γ + δ)
LUMO+1=L1,3 (α + β ∗ + γ ∗ + δ)
LUMO+2=L1,3 (α∗ + β ∗ + γ + δ)
LUMO+3=L1,3 (α∗ + β + γ ∗ + δ)

HOMO-4=H4,7 (γ)
HOMO-5=H4,7 (α + β + γ)
HOMO-6=H4,7 (β + δ)
HOMO-7=H4,7 (α∗ + β + γ + δ ∗ )

LUMO+4=L4,7 (α + β + γ + δ)
LUMO+5=L4,7 (β + δ ∗ )
LUMO+6=L4,7 (α + γ ∗ )
LUMO+7=L4,7 (α + β ∗ + γ + δ ∗ )

HOMO-8=H8,11 (β ∗ + γ)
HOMO-9=H8,11 (α + γ)
HOMO-10=H8,11 (β + δ)
HOMO-11=H8,11 (α + β ∗ + γ ∗ + δ)

LUMO+8=L8,11 (α + β + γ + δ)
LUMO+9=L8,11 (β ∗ + δ)
LUMO+10=L8,11 (α + γ ∗ )
LUMO+11=L8,11 (α∗ + β + γ ∗ + δ)

Figure 4.14: Kohn-Sham orbitals for the relaxed G4 structure. The isosurfaces correspond to the 20% of the highest value and the purple (green)
depicts the positive (negative) part of the wavefunction. In the top are
shown the occupied and in the bottom the unoccupied orbitals. The four
guanines have been labeled each with greek letters (see the top-left figure)
to identify its position on the whole structure.
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with the corresponding frontier Kohn-Sham orbitals which have been plotted in the Figure 4.15. The first occupied orbitals are eight degenerated due
to the contribution of the two quadruplexes. This can be seen in the density
of electronic states in relation with the DOS of the isolated guanine quadruplex where we have set as zero the HOMO level of the two structures. Some
occupied states of the isolated relaxed G4 appear between -1.2 eV and -0.2
eV (two well defined peaks). The responsible of these peaks are the second
group of occupied orbitals: HOMO-4 to HOMO-7. These orbitals are localized strictly on the oxygen atom (Figure 4.15). The exclusively localization
of the electronic density over the oxygen atom of the guanine is not present
at the frontier orbitals for the G4/G4 stack. It explains the fact that the
DOS of the G4/G4 structure (in the bottom of the Figure 4.13) has only
one peak at 0 eV and then an intense peak centered at -1.6 eV.
The first four occupied orbitals in the G4/G4 are mainly localized on
the top quadruplex and the second ones are mainly localized on the bottom
quadruplex (see Figure 4.15), in some cases a small contribution from the
other structure appears. For the occupied orbitals the spatial distribution of
the orbitals is similar to the isolated G4 with small contributions from the
other G4 structure. In the case of the mds3(G4/G4) structure the distribution of the orbitals is similar to its isolated counterpart: mds3(G4). For this
structures, most of the occupied Kohn-Sham orbitals are strictly localized
over one of the four guanines. The frontier unoccupied orbitals present the
same geometric distribution than the relaxed structure.
The electronic (HOMO-LUMO) gaps of the studied structures are reported in the Table 4.5. Here we can see that in the case of the guanine
quadruplex systems there is a notable reduction of the gap (0.44 eV) due to
the stacking interaction in the relaxed structure, the case of the mds3(G4)
snapshot the reduction is a 0.1 eV larger, it means 0.54 eV. This result highlight the importance of the structural fluctuations on the electronic structure. The analysis of the electronic gap can be done more carefully having
in mind only the electronic excitations that occur only on the same moieties
(bright excitations). Considering the plotted orbitals in the Figure 4.15,
the equivalent HOMO-LUMO gap for the isolated G4 in the double stack
correspond to the HOMO-LUMO+1 orbitals for the top G4 and HOMO-4LUMO orbitals for the bottom G4. In this case the gaps are 3.67 eV and
3.69 eV which gives an average reduction of 0.06 eV respect to the isolated
G4. Same analysis in the mds3 structures gives an electronic gap of 3.40 eV
for the isolated distorted G4 and for the stack we found 3.22 eV (HOMO-3
to LUMO+1) for the top G4 and 2.86 eV (HOMO to LUMO) for the bottom
G4, the average shift is around of 0.36 eV.
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occupied
HOMO=H(α + β + γ + δ)
HOMO-1=H1 (β ∗ + δ)
HOMO-2=H2 (α + γ ∗ )
HOMO-3=H3 (α + β ∗ + γ + δ ∗ )

unoccupied
LUMO=L(α + β + γ + δ)
LUMO+2=L2 (α∗ + γ)
LUMO+3=L3 (β + δ ∗ )
LUMO+7=L7 (α∗ + β + γ ∗ + δ)

HOMO-4=H4 (α + β + γ + δ)
HOMO-5=H5 (β ∗ + δ)
HOMO-6=H6 (α + γ)
HOMO-7=H7 (α∗ + β + γ ∗ + δ)

LUMO+1=L1 (α + β + γ + δ)
LUMO+4=L4 (α∗ + δ)
LUMO+5=L5 (β + δ ∗ )
LUMO+6=L6 (β ∗ )

Figure 4.15: Kohn-Sham orbitals for the relaxed G4/G4 stacked structure.
The isosurfaces corresponds to the 20% of the highest value and the purple
(green) depicts the positive (negative) part of the wavefunction. In the top
the occupied and in the bottom the unoccupied orbitals are shown. The four
guanines have been labeled each with greek letters (see the top-left figure)
to identify its position on the whole structure. Note the distribution of the
orbitals in each G4 structure (top or bottom) depicted inside the boxes.
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Ground state properties of Porphyrin structures: TMP,
G4/TMP and G4/TMP/G4 stacks

The next step in the study of the electronic properties of the guanine wires
with intercalated cationic porphyrins is to analyze this system isolated (TMP)
and with the corresponding stacks (G4/TMP and G4/TMP/G4) following the same procedure of the previous subsection. First we calculate the
electronic density of states (see Figure 4.16) and then we proceed to plot
the Kohn-Sham orbitals (see Figure 4.17). The isolated porphyrin present
a characteristic electronic structure where more than a double degeneracy of the orbitals is particularly rare. The exceptions appears in some
cases when the Kohn-Shan wavefunctions are located exclusively in the 1methylpyridinium arms. The HOMO has a π nature with the wavefunction
on the nitrogen atoms of the pirrols and piridins internal molecules and the
carbon of the base in the 1-methylpyridinium, the HOMO-1 conserves the
orbital in the internal pirrol-piridin ring and it is localized on the pair of
bonded carbon attached to the nitrogen. The first two unoccupied states
are degenerated and the orbitals are localized in both the central ring and
the four arms of the structure. The occupied Kohn-Sham orbitals of the
mds3(TMP) structure are different to its relaxed counterpart, having the
orbitals localized in the pirrol-piridin ring. This can be explained due to the
position of the hydrogen atom in the pirrol molecule that breaks the symmetry of the molecule. The density of states of the porphyrin shows a more
defined peaks for the relaxed geometry with respect the mds3(TMP) snapshot, as expected. In general, the porphyrin electronic structure is highly
sensible to changes in the structural parameters.
A first understanding of the interaction between G4 and TMP can be
obtained by studying the electronic structure of a minimal model composed
by one plane of G4 and the TMP molecule in stacked configuration. In the
bottom of the Figure 4.16 the density of states of the relaxed and equivalent mds3 structure are plotted. The Kohn-Sham orbitals are showed in the
Figure 4.18. From the DOS plot the main and more evident feature is the
big reduction of the HOMO-LUMO gap. The LDA Kohn-Sham orbitals in
the Figure 4.18 show that the frontier occupied orbitals are strictly localized on the guanine quadruplex, the spatial symmetry is the same but the
distribution on the guanines changes. This behavior is maintained until the
HOMO-11, the next orbital localized to the cationic porphyrin keeping the
symmetry of the HOMO of the isolated porphyrin, the next orbital (HOMO13) is still localized in the porphyrin and it is equivalent to the HOMO-1
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Figure 4.16: Density of states spectrum (DOS). Top: For the cationic porphyrin (TMP) and bottom: For the quadruplex porphyrin stack (G4/TMP).
In both, we show the result for the relaxed structure (in black) and the
equivalent distorted mds3 (in red). Inserted appears the DOS in the total
energy range. The width of the Lorentzian was 0.05 eV for the TMP and
0.01 for the G4/TMP.
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occupied
HOMO=H
HOMO-1=H1
HOMO-2=H2,7 (B)
HOMO-3=H2,7 (∆)
HOMO-4=H2,7 (∆∗ )
HOMO-5=H2,7 (B∗ )
HOMO-6=H2,7 (A)
HOMO-7=H2,7 (Γ)
HOMO-8=H8,9
HOMO-9=H†8,9
HOMO-10=H10,13 (α∗ + β + δ ∗ )
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unoccupied
LUMO=L1
LUMO+1=L†1
LUMO+2=L2,3 (α + β + γ + δ)
LUMO+3=L2,3 (α∗ + β + γ ∗ + δ)
LUMO+4=L4,5
LUMO+5=L†4,5
LUMO+6=L6,9 (α + β + γ + δ)
LUMO+7=L6,9 (β + γ ∗ )
LUMO+8=L6,9 (α + γ ∗ )
LUMO+9=L6,9 (β + δ ∗ )
LUMO+10=L10

Figure 4.17: Kohn-Sham orbitals for the relaxed TMP structure. The plots
were done at the 20% of the highest value and the purple (green) depicts the
positive (negative) part of the wavefunction. In the top the occupied and in
the bottom the unoccupied orbitals are shown. The four 1-methylpyridinium
arms have been labeled each with small greek letters to identify its position
on the whole structure and the internal pirrols and piridins with capital
greek letters (see the top-left figure). The dagger symbol (†) means that the
orbital is rotate 90 degrees in clockwise sense.
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orbital, the next porphyrinic orbital is the HOMO-23. The frontier unoccupied Kohn-Sham wavefunctions are strictly localized on the cationic
porphyrin following the same symmetry of the molecule isolated. The first
unoccupied orbital localized on the guanine quadruplex is the LUMO+12
which has the same symmetry than the LUMO of the isolated G4. Next
we have calculated the DOS and Kohn-Sham orbitals of the G4/TMP/G4
system: This triple stacked structure was obtained by extracting the coordinates from the md wire with the TMP molecule in the middle and the two
adjacent G4 structures (see Fig. 4.12). In the case of the triple stack, the
density of states is similar to the density of the double stack G4/TMP. In the
Figure 4.19 are plotted the Kohn-Sham orbitals of the mds3(G4/TMP/G4)
structure: the frontier occupied orbitals are mainly localized on the quadruplex, however the distortion in the structure produce a complex mixing. The
first occupied orbital localized on the porphyrin is the HOMO-5 and the first
unoccupied one localized on the quadruplex is the LUMO+3.
In summary, the results of the electronic HOMO-LUMO gaps in the
isolated and stacked cationic structures are compiled in the Table 4.5 for
both the relaxed and the md structures, in particular the mds3 one. Here
a strong reduction in the gap (0.32 eV) appears due to structural fluctuations in the TMP. In this structure the occupied frontier orbitals are mainly
localized in the internal pirrol-piridin ring and the unoccupied frontier orbitals are localized in the methylpyridinium arms. The structural fluctuations tends to break the symmetry of these orbitals. The stacked G4/TMP
structure shows a small HOMO-LUMO gap strongly reduced in the dynamical msd3 structure (around 50%). This value of the gap can be explained
because in the stack the first unoccupied frontier orbitals are symmetrically identical to the unoccupied orbitals of the isolated porphyrin and the
first occupied orbitals in the stack are almost identical to the orbitals of
the isolated G-quadruplex. These unoccupied and occupied orbitals are
close in energy in the isolated structures. The geometric distribution of the
G4/TMP stack frontier orbitals remains almost invariable respect to the orbitals of its respective moieties. Looking the orbitals beyond the frontier
we found that also the occupied orbitals for the porphyrin and the unoccupied ones for the G4 appear, eg. G4/TMP(HOMO-12)=TMP(HOMO)
and G4/TMP(LUMO+12)=G4(LUMO). Using the associated eigenvalues
for these orbitals we found that the intra-porphyrin gap (HOMO-12 to
LUMO) is 1.59 eV and the intra-G quadruplex gap (HOMO to LUMO+12)
is 3.68 eV. The shift in the gaps compared with the corresponding moieties
is of 0.06 eV for the G4 (the same value obtained for the G4/G4 stack)
and 0.08 eV for the TMP. The stacking effect induces a reduction in the
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Figure 4.18: Kohn-Sham orbitals for the relaxed G4/TMP stacked structure. The plots were done at the 20% of the highest value and the purple
(green) depicts the positive (negative) part of the wavefunction. In the top
appear the occupied and in the bottom the unoccupied orbitals.

gap. The same analysis for the mds3 structure shows that the intra-guanine
quadruplex gap (HOMO to LUMO+11) is 2.95 eV and the intra-porphyrinic
gap (HOMO-6 to LUMO) is 1.31 eV, with this values we have that the shift
respect to its moieties is 0.45 eV and 0.16 eV respectively. In general, the
obtained values show that the stacking itself produces a change in the electronic structure by shifting the energetic levels of the orbitals. This change
is more evident when the stacked structure suffers a geometric deformation.
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Figure 4.19: Kohn-Sham orbitals for the mds3(G4/TMP/G4) stacked structure. The isosurfaces were plotted at the 20% of the highest value and the
purple (green) depicts the positive (negative) part of the wavefunction. In
the top appear the occupied and in the bottom the unoccupied orbitals.

4.2.3

Excited state properties of Guanine structures: G4 and
G4/G4 stack

In this section we pass to study the optical properties of the system described
above and we start by describing the excites states of the G4 and the stacking effects in the complex G4/G4. First, we analyze the behavior of some
characteristic transition and then we show how the geometrical fluctuations
can affect the optical absorption. The calculated optical absorption spectra of the relaxed guanine quadruplex and its dynamical mds3 counterpart
are showed in the top of Figure 4.20, in the bottom of the figure is shown
the optical excitations for the corresponding stacked quadruplex structures.
The calculated vertical excitations are compiled in the Table 4.6. Comparing with the available experimental and theoretical data present in the
literature we can conclude that the performance of TDDFT is very good for
these systems. Using a combination of time domain and frequency domain
techniques we can describe the electronic nature of each transition.
The first optical excitation in the guanine quadruplex structures is showed
in the top inset of Figure 4.20 and appear at 3.84 eV and 3.54 eV for the
relaxed and the dynamical snapshot respectively, in both cases this tran-
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Table 4.6: Vertical excitations energy (in eV) for the guanine quadruplex
structures, relaxed and distorted (mds3) in both isolated (G4) and stacked
(G4/G4) at TDDFT level in the ALDA approximation.
Peak

G4

G4/G4

Relaxed

mds3

Relaxed

mds3

1

3.84

3.54

3.86

2.90-3.74

2

4.30

3.88

4.15

4.17

3

4.46

4.12

4.37

4.39

4

4.97

4.61,4.82

4.81

4.66

Exp* .

∼4.48a

4.91a ,4.83b ,

Theory

4.81b , 4.60c

4.95c ,4.84d
*

The experimental values were obtained by measuring the optical absorption of a long G4 wire.
a Kotlyar et al [123].
b Changenet-Barret et al [41].
c Rosu et al [199].
d Mergny et al [161].

sition has a ππ ∗ character and it is formed by a set of transitions from
the first four degenerated occupied states (HOMO to HOMO-3) to the first
four degenerated unoccupied Kohn-Sham orbitals (LUMO to LUMO+3)
(see Figure 4.14), this peak presents a strong (more than 50%) reduction in
the intensity from the relaxed to the distorted structure. This reduction in
the absorption can be explained due to the breaking of the symmetry in the
involved orbitals. In the case of the mds3(G4) structure the orbitals are localized on individual guanines then the dipole-allowed transitions will have a
minor strength in comparison with the associated transitions in the relaxed
structure, also a red-shift of 0.3 eV from the relaxed to the md structure is
found, this has been explained previously due the variation in the hydrogen
bond distances. In the region of 4.0-4.6 eV (3.7-4.3 eV for the mds3 structure) appears an intense peak that shows a notable asymmetry in its shape:
by decreasing the artificial broadening during the Fourier transformation we
found two well resolved peaks (confirmed by Casida calculations), we call
them peak 2 and peak 3 in the Table 4.6. The peak 2 is at 4.30 eV for the
relaxed geometry and 3.88 eV for the dynamical one, in both cases the nature is ππ ∗ and the main set of electronic excitations associated to this peak
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are from the first four occupied orbitals (HOMO to HOMO-3) to the second
four unoccupied orbitals (LUMO+4 to LUMO+7). Additionally in the case
of the relaxed structure a small contribution from transitions of the second
four occupied orbitals (HOMO-4 to HOMO-7) to the first four unoccupied
orbitals (LUMO to LUMO+3) is present. Same type of contributions are
present in the mds3(G4) structure, but with a reduced number of transitions. The peak 3, the most intense in this energy region at 4.46 eV and
4.12 eV (see Table 4.6) is a mixed transition of type ππ ∗ − nπ ∗ in the case
of the relaxed geometry. This excitation is formed mainly by a combination
of a selected group of transitions from the first set of occupied-unoccupied
frontier Kohn-Sham orbitals (from HOMO,HOMO-3 to LUMO,LUMO+3)
with a small contribution from other more internal unoccupied orbitals. In
the peaks 2 and 3 we found a red-shift of 0.42 eV and 0.34 respectively
from the relaxed geometry to the dynamical mds3. The most intense peak,
labeled as 4 in the Table 4.6 appear at 4.97 eV and 4.61 eV and it is mainly
of ππ ∗ character. In the case of the optimized quadruplex the main involved
orbitals in this absorption peak are the electronic excitations from the first
four occupied orbitals (HOMO to HOMO-3) to the third set of four unoccupied orbitals (LUMO+12 to LUMO+15). The same peak at 4.61 eV for the
dynamical structure presents a more complex behavior in relation with the
related orbitals involved in the electronic excitations, A less intense peak
at 4.82 eV appears in the same md structure which is formed by the same
orbitals but with different contributions. The red-shift respect to the most
intense transition in this case is around 0.36 eV. In general, the shift in the
most intense peaks is almost constant for all transitions and it is in average
around 0.36 eV, we suggest that this effect is caused by the change in the
hydrogen bond distances between the guanines, this peak presents also a
strong reduction in the intensity that can be associated to the breaking of
the symmetry in the associated Kohn-Sham orbitals.

Next we study the pair of G4 in stacked configuration (G4/G4). The
optical absorption spectra are showed in the bottom of the Figure 4.14 and
the corresponding vertical excitations are collected in Table 4.6. The maximum of the low energy spectrum for the relaxed G4/G4 appears at 3.86 eV
and for the md structure we found several excitations in the range 2.90-3.74
eV. The peak for the relaxed geometry is composed by electronic excitations
from the first eight occupied Kohn-Sham orbitals (HOMO,HOMO-7) to the
first eight unoccupied orbitals (LUMO,LUMO+7) and the most intense transitions are combinations of ππ ∗ nature localized on the same structure, for
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Figure 4.20: Optical absorption spectrum of the relaxed (in black) and of
the dynamical mds3 structure (in red) for the Top: Guanine quadruplex
(G4) and in the bottom: Double G4 stack (G4/G4).
example HOMO-3 to LUMO+4 which are in both cases on the top G4 (see
Figure 4.15). Additionally because the stacking induces a redistribution of
individual orbitals, in certain cases the wavefunction occupies both moieties
and some dipole-allowed electronic excitations with a minor strength appear
as combinations of occupied orbitals from the top G4 to unoccupied orbitals
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mainly localized in the bottom G4 and vice versa. In the case of the md
structure of the low energy region is composed by a group of five well distinguishable transitions (2.90 eV, 3.08 eV, 3.32 eV, 3.5 eV and 3.74 eV).
All this excitations have a ππ ∗ character and we note that the symmetry in
the frontier orbitals is conserved despite the deformation as observed for the
single G4 plane. The involved orbitals in the electronic excitations are as in
the case of the relaxed structure the first eight occupied states to the first
eight unoccupied orbitals. A notable red-shift of 0.12 eV in the peak from
the relaxed to the distorted structure appears in this energy region. The
next energy region between 4.0-4.6 eV includes two well defined absorption
peaks (see Table 4.6). For the relaxed structure, these peaks are localize at
4.15 eV and 4.37 eV and the first one is slightly less intense than the second
one. In this geometry the peak 2 is formed mainly by a set of electronic
excitations from the first eight occupied states (HOMO,HOMO-7) to the
second set of eight unoccupied states (LUMO+8,LUMO+15) and a small
contribution from the same occupied orbitals to more external unoccupied
states is present and the character of this transition is ππ ∗ . The next peak
at 4.37 eV, labeled with 3 has and important contribution of the same unoccupied Kohn-Sham orbitals of the peak 2 but more external unoccupied
are involved, this transition which has a ππ ∗ character. In the md snapshot
these absorption peaks are localized at 4.17 eV and 4.39 eV respectively and
they are formed by several electronic transitions. In the peak 2 the ππ ∗
character is conserved while in the peak 3 has a mixed character ππ ∗ − nπ ∗ .
The most intense peak, labeled with 4 in the Table 4.6 appears at 4.81 eV
and 4.66 eV for the relaxed and the md structure respectively. In the relaxed
geometry the main contribution from the Kohn-sham orbitals to the peak
are a group of transitions from the first eight occupied states to the fourth
and fifth group of eight unoccupied states: (LUMO+24,LUMO+32) and
(LUMO+32,LUMO+39). For the relaxed structure the contribution to this
peak includes a group of orbitals from LUMO until LUMO+39 in the case
of the unoccupied states and the group of occupied states from HOMO-24
to HOMO. The nature of this peak is mixed in both structures nπ ∗ − ππ ∗ ,
with a minor contribution of nπ ∗ for the relaxed stack. In this absorption
band the most relevant result is that the mds3 structure presents an intense
hypochromicity and a small red-shift of 0.15 eV due to the stacking effect.
In the last two columns of the Table 4.6 we summarize the available
experimental results and theoretical calculations on G4-DNA wires. Experimentally the first optical characterization of the guanine strands is made
in aqueous solution where ions are present to stabilize the chain[161]. A
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Figure 4.21: Comparison of the optical absorption spectrum of the guanine
quadruplex and its double stack normalized to the number of G4 units, in
top: for the relaxed structures and bottom: for the dynamical mds3 structure.
recent work by Kotlyar et al.[124] showed that G4-DNA can be synthesized
without interplanar cations. It has been also proved that optical absorption spectrum does not change appreciably in long wires respect to short
oligomers. In all cases the reported measures show an intense peak local-
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ized around 4.77 eV (260 nm). The experimental characterization of the
lower energy part of the spectrum can be ambiguous, most of the experiments show an evident shoulder in the region between 4.60 eV and 4.40 eV
(270-280 nm), however only the experiment conducted by Kotlyar shows a
distinguishable value around 4.5 eV. In the energy range lower than 4.5 eV
there is not experimental evidence available in the literature. Theoretical
calculations of the excited states on guanine quadruplexes stacked structures
have been focused mainly in the description of the change in the electronic
properties due to hydrogen bonding from duplex to quadruplex structures
by using a excitonic model[41] or using TDDFT at B3LYP level with a reduced basis-set (3-21G∗ )[199]. The methodology used in the aforementioned
works illustrates the fact that due to the size of systems, more complex and
accurate computational tools are extremely expensive to be used on these
molecular structures. In general, our calculation on stacked G4/G4 are in
good agreement with the experimental results, they reproduce the intensity
and relative position of the two main absorption peaks. From here we can
conclude that TDDFT in the local approach for the exchange-correlation
can describe the nature of the excited states in this kind of complex structures giving the values of the fingerprints due to the stacking interaction
(shift in maximum of the absorption peaks) within a reasonable agreement
with respect the available experimental data. This result has to consider
the fact that the structure of the stacking cannot be found at LDA level,
because the van der Waals interaction.
The next part of this subsection deals with the study of the electronic
properties focusing on a deeper analysis of the effect of the stacking in the
excited states properties. In the Figure 4.21 is illustrated a comparison between the normalized5 optical spectra of the quadruplex guanine isolated
and stacked for both the relaxed and md structures. For the relaxed structure in the top part of the figure we have inserted in a box the dipolar
strength function perpendicular to the plane of the structures, in this case
the z-axis. The analysis of the optical spectra show that the first absorption
peak in the stacked structure presents a small blue-shift of 0.02 eV with an
hyperchromism of around 39%. In this energy region (3.0-4.0 eV) the dipole
response in the perpendicular polarization direction is very low and the it increases starting from 4.2 eV, this signal is absent in the isolated quadruplex.
This effect is a fingerprint of the stacking but not an effect of the interaction.
The next peaks (peak 2 and peak 3) present a remarkable red-shift of 0.115
5

The isolated spectra has been multiplied by 2, in order to represent two independent
G4 structures.
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eV and 0.09 eV respectively combined with an intense hypochromicity of
around 43%. Same behavior occurs in the most intense peak,here we found
a strong red-shift of 0.16 eV with an hypochromicity of around 33%. In the
bottom of the Figure 4.21 are plotted the optical response of both md structures, the isolated quadruplex and their double stacked form. From this
results we can conclude that the change in the hydrogen bonds distances
induces a variable blue-shift[94] in the optical spectra of the moieties that
competes with the stacking effect, because in this case the shift is opposite
to the relaxed case but the hypochromicity is conserved. We can conclude
that the stacking phenomena induces a red-shift combined with a reduction
in the absorption but this is only intense for energies above around 4.0 eV.
The change in the distances in the hydrogen bonds can compete with this
red-shift.
The final part in the study of these systems is related with the analysis
of the dichroic response in the stacked structures. Experimental results
present in the literature show differences in the sign of the main dichroic
peaks, Mergny et al.[161] reported a spectrum presenting a dichroic signal
first negative around 4.2 eV (295 nm) and then a positive peak at 4.6 eV
(270 nm), while further works by Kotlyar et al.[123; 124] show a dichroic
spectrum with a opposite behavior, a intense positive peak at 4.8 eV (258
nm) and then a negative peak at around 5.2 (240 nm) eV. Recently the
work by Masiero et al.[156] has shed light about the nature of the dichroic
response in G4-DNA structures, the authors suggest that the differences
between the above results can be interpreted in terms of the position of the
glycosyl bonds (parallel or antiparallel) between the two G4 structures that
form the stack. In the Figure 4.22 we present our results in the calculation
of the electronic circular dichroism (ECD) in the relaxed stacked structure
and the dynamical mds3 geometry in the ALDA approximation.
Theoretical studies of the optical activity in guanine quadruplexes double stacks have been performed by Gray et al.[78], in both conformations:
in opposite and parallel polarity. Their result show that in a parallel conformation are present two consecutive positive peaks at 4.2 eV and 4.8 eV,
the first one less intense than the next and the third peak at 5.2 eV has
negative sign and its intensity is similar to the second peak. For the antiparallel conformation the dichroic response is different, here the two first
peaks are the most intense, the first at 4.3 eV with positive sign and the
second one at 4.7 eV with negative sign. The mentioned calculations have
been compared with recent experimental results made by Kypr et al.[133]
(see inserted box in the top of the Figure 4.22). A careful comparison between the experimental data[133] and the CD calculations performed on the
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Figure 4.22: Electronic Circular Dichroism (ECD) spectra of the stacked
guanine quadruplexes for the relaxed (in black) and md structure (in red).
Inserted in the bottom appears the same spectra with a larger width for
the gaussian window (δ=0.12). In the top we plotted a set of experimental results for G4-DNA in parallel (in magenta) and antiparallel (in blue)
conformations[133]. In the right side appears a scheme of both G4-DNA
conformations: right-top parallel and right-bottom: antiparallel.

G4/G4 (relaxed and mds3) show that both spectra are in good agreement
with our results (see inserted box in the bottom of the Figure 4.22). We
can assign to the relaxed G4/G4 a parallel configuration (see the magenta
scheme in the right-top of the Figure 4.22) and the mds3 an antiparallel one
(see the blue scheme in the right-bottom of the Figure 4.22). Our results
supports the idea that the difference between the chiral spectra is related to
the chirality between the guanines that conform the quadruplex. The chirality is in general a geometric property and can be derived easily by looking
the structural distribution of the G4, however with our calculation we can
predict the consequences of the structural deformation and the interaction
with other molecular systems. More information can be extracted from the
dichroic spectra by taking a smaller width in the gaussian window function,
here the nature of the four labeled peaks can be unraveled and even the low
energy hidden transitions in the distorted geometry can be resolved.
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Excited state properties of Porphyrin structures: TMP,
G4/TMP and G4/TMP/G4 stacks

Calculations of the optical absorption spectrum of the relaxed and distorted
cationic porphyrin is presented in the top of the Figure 4.23. In the bottom
of the same figure we show the optical absorption of the related porhyrinic
stacked structures with the equivalent guanine quadruplex. In the Table 4.7
are reported the vertical excitations for the porphyrin structures obtained
in our study compared with other theoretical calculations and experiments
available on the literature.
The first two optical excitations for the relaxed porphyrin appear at
1.90 eV and 2.18 eV respectively. These transitions are related with the well
known Q bands, present in all porhyrinic structures[77; 89]. Using the Casida
method, we found that the first peak is formed by two electronic excitations
(at 1.88 eV and 1.95 eV) which are formed by transitions from HOMO and
HOMO-1 to LUMO and LUMO+1, the transitions occur inside the free-base
porphyrin core (pyridine-pyrrole ring) and its nature is ππ ∗ (see Figure 4.17).
The second peak is composed by two excitations (at 2.18 eV and 2.20 eV)
from the first two occupied states (HOMO and HOMO-1) to the first two
unoccupied states (LUMO and LUMO+1) and an important contribution
of the orbitals LUMO+4 and LUMO+5, here the transitions have the same
nature of the first peak (ππ ∗ ) because the symmetry of the orbitals as can be
seen in the Figure 4.17. This result in the low energy band is similar to the
the energy transitions in the free-base porphyrin and it is in good agreement
with the classical four orbital model of Gouterman[77]. In the case of the
dynamical mds3 structure the first two absorption peaks are localized at 1.64
eV and 2.25 eV, the involved orbitals in the first peak are the same that in the
relaxed case, it means a mix of transitions from the first two occupied orbitals
to the the first two unoccupied ones, however in the second peak the mixing is
different, including a more extended set of occupied and unoccupied orbitals
due the change in the geometrical parameters that reduces the energy of
the different frontier orbitals that lie mainly on the macrocyclic porphyrin
skeleton. The main difference between the relaxed and distorted structure
in the Q bands is that the first peak in the md structure is strongly redshifted (around 0.26 eV) but almost preserving the same intensity and the
for the case of second peak, it is slightly blue-shifted (around 0.07 eV). The
energetic changes in the Q-bands have been explained in other structures, for
example metalloporphyrins where the addition of a metal in the center of the
ring changes the geometrical paramenters (symmetry in the case of relaxed
structures) producing shifts in the absorption peaks[90]. A comparison with
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Table 4.7: Vertical excitations energy (in eV) for the isolated (5,10,15,20meso-tetra(N-methyl-4-pyridyl)porphyrin (TMP) relaxed and distorted
(mds3) at TDDFT level in the ALDA approximation.
TMP
Band

Peak

Relaxed

mds3

Experiment

Theory

1

1.90

1.64

1.94a , 2.12a

2.12f , 2.20g

1.96b , 2.14b
1.93c , 2.13c
1.94d , 2.12d
1.94e , 2.11e
Q

2

2.18

2.25

2.23a , 2.39a

2.24f , 2.33g

2.28b , 2.42b
2.24c , 2.39c
2.28d , 2.43d
2.28e , 2.42e
CT
B
N

a

3

2.44

2.60

-

4

2.88

2.88

-

5

3.03

6

3.34

3.10

2.95a

2.82f , 2.85f

2.95c , 2.98e

2.97g , 3.02g

7

3.60

3.40, 3.50

-

8

3.77

3.78

-

L

9

4.18

4.02

-

M

10

4.82

4.33

-

4.86

-

In H2 O, Kubat et al [130].
In H2 O, Vergeldt et al [242].
c In H O, Kalyanasundaram[104].
2
d In CH OH, Vergeldt et al [242].
3
e In CH C1 , Kalyanasundaram[104].
2
2
f TDDFT (B3LYP/SVP/COSMO[H O]), Kubat et al [130].
2
g TDDFT (MPW1B95/6-31G∗ /COSMO[H O]), Kubat et al [130].
2
b
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the experimental values (fourth column in the Table 4.7) shows that our
results are in good agreement with the available measurements in solvent
and previous theoretical calculations. This agreement has been found previously in other works in which is shown that adiabatic local functionals
are enough accurate to reproduce the position of the low energy transitions
in other kind of porphyrinic structures.[176; 251]. The next peak labeled
with 3 in the Table 4.7 at 2.44 eV has a very small intensity and it is of
ππ ∗ nature. The excitations are formed by orbitals from HOMO-2, HOMO3 and HOMO-4 to LUMO and LUMO+1 mixed with transitions from the
HOMO and HOMO-1 to LUMO+4 and LUMO+5, it means they are formed
by more energetic configurations from the orbitals that form the Q band.
The next set of excitations (Labeled with CT in the Table 4.7) are the
peaks 4 and 5 and after a careful analysis of the Casida transitions we
conclude that they are of through-bonds charge-transfer type . In the relaxed structure, both peaks are of comparable intensity in comparison to
the Q band due that they are made of a high number of transitions close
each other in energy, however the strength of the individual transitions are
significantly minor than the transitions in the Q-band. In the peak 4 at
2.88 eV the most intense excitations are formed by electronic transitions
from the HOMO to the LUMO+6, LUMO+7, LUMO+8 and LUMO+9 and
one additional excitation from the HOMO-2 to the LUMO+3. Note here
that all set of occupied orbitals are localized in th central porphyrin ring
and the unoccupied orbitals are strictly localized in the methylpyridinium
arms (see Figure 4.17), it means this is a pure charge-transfer transition
(CT). The next peak at 3.03 eV is formed mainly by transitions from the
HOMO-1 to the LUMO+6, LUMO+7, LUMO+8 and LUMO+9, additionally a contribution of electronic excitations from the set of HOMO-2 to
HOMO-6 orbitals to LUMO+4 and LUMO+6 is present, it means that this
transition is not of pure charge-transfer type, the nature is a mixed CTππ ∗ . In the md structure, despite the loss of symmetry in the geometry we
can identify the charge transfer nature of the band, however, this is highly
mixed and the energy occupies a region wider than in the relaxed case. The
charge-transfer behavior in porphyrins has been studied recently by Ren et
al [197]. They pointed out in their works that there is not a conscientious
theoretical study of the through-bonds energy transfer phenomena in mesosubstituted porphyrins. In their calculations of the optical absorption using
TDDFT/B3LYP/6-31G(d) level they found a shape in the spectra similar to
the results in the Figure 4.23, it means, a first absorption peak of low intensity (Q band) followed for a intense band near to the Soret peak (B band).
Unfortunately the authors of the study did not characterize this absorption
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band as a fingerprint of the charge-transfer transitions in the structures.
Experimentally this peaks between the Q-band and the Soret band do not
appear, however Vergeldt et al [242] showed that there is a mixing between
the Soret band and a energetically nearby CT state using NMR and fluorescence experiments, they suggest that the origin of this mixing is due to
one electron transferred from the porphyrin core to the pyridinium group
in agreement with our conclusion through TDDFT/LDA calculations. It is
important to note that, the well known drawbacks of the Local exchangecorrelation potentials underestimating the charge-transfer (CT) excitations
within TDDFT[219; 232] allow us to say that most part of the excitations
found between the 2.5-3.12 eV belong to a higher energy absorption region,
possibly the Soret band, increasing the intensity of this peak in relation to
the Q-bands, as is usually found in experiments.
The most intense peak in porphyrin systems is called B band o Soret
Band, called in this way in honor to the Swiss chemist Jacques-Louis Soret[215].
In the case of the relaxed and distorted porphyrin this transition appear at
3.34 eV and 3.10 eV respectively and corresponds to the peak 6. This band
is particularly more complex that the previous cases in terms of the KohnSham orbitals. In the optimized geometry we found that the most intense
excitations are composed by a large set of ππ ∗ mixed with charge-transfer
transitions. Following the depicted orbitals of the Figure 4.17 we found
that the excitations with large strength are formed by transitions from the
HOMO to HOMO-9, where the electronic wavefunction is localized in the
macrocyclic ring to the unoccupied LUMO, LUMO+1, LUMO+4, LUMO+5
and LUMO+10 orbitals, the charge-transfer excitations includes the same
occupied orbitals but the unoccupied are in this case LUMO+2, LUMO+3,
LUMO+6 and LUMO+9 where the electronic Kohn-Sham wavefunction lie
exclusively in the pyridinium region. An accurate description on this absorption band is complicated at LDA level because the amount of charge-transfer
transitions, however in general the agreement with the experiments is fairly
good. Our results overestimate the absorption peak by around 0.37 eV for
the relaxed geometry and 0.13 eV for the md structure (see Table 4.7).
Other theoretical results using hybrids functionals[130] underestimate the
experimental results, which is signal of the complexity in the description of
the Soret band in this cationic porphyrins. It is worth to mention that all
experiments have been done in solution. Following the work by Edwards
et al.[62] we describe the absorption regions further the Soret band. This
bands have been historically labeled as N, L and M and we use the same
convention in the Table 4.7. The N band is composed by two peaks at 3.60
eV and 3.77 eV for the relaxed structure and 3.40-3.50 eV and 3.78 eV for
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the dynamical mds3 geometry. In both cases the first peak is more intense
than the second one, this is because the transitions involved are of ππ ∗ -CT
nature and for the next peak is mainly ππ ∗ .
Finally we can conclude that TDDFT at LDA level can describe successfully the optical absorption spectrum in cationic porphyrins. In the case of
excitations above the Q-band a careful analysis of the excitations has to be
done in order to differentiate the π → π ∗ from the charge-transfer excitations. Calculations on distorted geometries give a peculiar spectrum above
the Q-band due to the breaking of the degeneracy in the orbitals, the intensity of the Soret band is considerably reduced in comparison to the other
peaks.
Next we pass to study the optical properties of the molecular assembly
formed by G4 and TMP in stacked configuration (G4/TMP). The analysis
of the excite states of these structures is a challenge due the size of the system, however in our TDDFT real-space real-time approach we can address
the problem using the recent available computational resources with an acceptable ratio between accuracy and computational cost. In the bottom
part of the Figure 4.23 we present the computational results of the optical
absorption spectrum of the stacked G4/TMP structure in both relaxed and
distorted (mds3) at the LDA level and in the Table 4.8 are summarized the
values of the equivalent vertical excitations. In the previous part of this
section has been showed that a local approach in the Exchange-Correlation
functional can describe with certain precision the absorption in the individual moieties of the stacks, then here we will proceed a step further with the
study of the optical properties of the stacked G4-wires/porphyrin with their
minimal structure: G4/TMP following the same methodology.
The results in the optical absorption of the G4/TMP stacks show a spectrum with similar shape to the related isolated porphyrin. In the low energy
region, an equivalent Q-band is present between 1.5-2.4 eV, afterwards a similar band to the charge-transfer region between 2.5 eV and 3.1 eV is present
and then a high intense peak similar to the Soret peak in the cationic porphyrin appears. The energy region above the B-band (more than 3.6 eV) is
a little bit different mainly because in this region appear a mixing with the
first low-excitations of the G4 structure. In the next, for a complete characterization of the excited states we use the Casida frequency formalism to
identify the electronic transitions related with every energy region, taking
care that in this case we have a set of non well described charge-transfer
excitations, non only through-bonds but also through-space type.
One of the first considerations before to start the characterization of the
electronic excitations in the G4/TMP stack is the ground-state electronic
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Figure 4.23: Optical absorption spectrum of the relaxed (in black) and
of the dynamical mds3 structure (in red) for the Top: Cationic Porphyrin
(TMP) and in the bottom: Stack guanine quadruplex / cationic porphyrin
(G4/TMP).
structure. By looking the localization of the Kohn-sham wavefunctions we
can see that the distribution of the occupied and unoccupied states are equivalent to the first frontier orbitals of the individual moieties. The occupied
orbitals from the HOMO to HOMO-11 are localized in the G4 moiety, then
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the HOMO-12 have the same symmetry than the HOMO of the isolated
cationic porphyrin, it means HOMO-12(G4/TMP)=HOMO(TMP)6 .
The first 10/11 unoccupied orbitals are localized in the porphyrin moiety, then after LUMO+12 on the G-quadruplex, this classification is highly
relevant to identify the nature of the excitations in the stacked structure.
The study of the low energy electronic excitations show that the excitations below 1.7 eV for the relaxed and 1.30 eV for the distorted are throughspace charge-transfers. These transitions are from the first eleven occupied
orbitals (HOMO, HOMO-1,. . . , HOMO-11. Strictly localized on the guanine
quadruplex) to the first eleven unoccupied orbitals (LUMO, LUMO+1,. . . ,
LUMO+11) localized on the cationic porphyrin) (see Figure 4.18), and as
commented above these excitations are poorly described[61]. In the Q-band,
the first intense excitation peak is localized at 1.77 eV and 1.54 eV for the
relaxed and dynamical mds3 structures respectively and the orbitals that
participate in this transition are the same of the isolated porphyrin. In the
relaxed stack, the transitions are mainly from the HOMO-12 and HOMO-13
to the LUMO and LUMO+1, however this transition is not pure because a
percentage of through-space charge-transfer is present. The second Q-peak
at 2.02 eV and 1.82 eV is more intense than the first one. As in the previous case the transition participating in the excitations are the same of the
isolated porphyrin. Additionally a small contribution from transitions from
HOMO-12 to LUMO+2 and LUMO+5 is present. The next two peaks at
2.26 eV (2.18 eV) and 2.44 eV (2.40 eV) in the relaxed (dynamical) geometry are less intense than the previous excitations and the correspond to
a combination of transitions from internal porphyrinic orbitals to the first
unoccupied Kohn-sham orbitals, eg. HOMO-23 to LUMO+2, HOMO-26 to
LUMO and LUMO+1. The nex energy region is equivalent to the chargetransfer region that we previously described in the cationic porphyrin with
the two intense peaks. In our calculations we found that the orbital nature
of this region is the same with additional contributions from charge-transfer
through-space excitations. The next absorption peak, labeled as peak 7 in
6

The first ten occupied equivalent porphyrinic orbitals in the G4/TM stack are:

HOMO-12(G4/TMP)=HOMO(TMP),

HOMO-13(G4/TMP)=HOMO-1(TMP),

HOMO-23(G4/TMP)=HOMO-2(TMP),

HOMO-26(G4/TMP)=HOMO-3(TMP),

HOMO-28(G4/TMP)=HOMO-4(TMP),

HOMO-30(G4/TMP)=HOMO-5(TMP),

HOMO-33(G4/TMP)=HOMO-6(TMP),

HOMO-35(G4/TMP)=HOMO-7(TMP),

HOMO-36(G4/TMP)=HOMO-8(TMP) and

HOMO-37(G4/TMP)=HOMO-9(TMP).
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the Table 4.8 at 3.28 eV and 3.06 eV for the relaxed and distorted geometries
respectively represent the Soret band of the stacked structure, the origin is
obviously the equivalen intra-electronic excitations of the individual cationic
porphyrins. In the region of energies above the Soret band the amount of
excitations increases because the transitions from the guanine quadruplex
appear. In general, the optical excitations in the stack in both geometrical
representations despite the burden computational effort are afordable with
TDDFT at LDA level.
The most important contribution of this work can be obtained by comparison between the optical absorption spectrum of the individual moieties
and its stacked form. In the top of Figure 4.24 the three optical spectra
are shown: for the G4, TMP and G4/TMP calculated on the relaxed geometries are plot in the top part of the figure. In the inset the absorption
perpendicular to the plane of the molecules is also shown. In the bottom
of the same figure the respective G4, TMP, G4/TMP and G4/TMP/G4
optical absorption spectra for the dynamical mds3 structures are depicted.
The information extracted from this figure is supplemented with the values
inserted in the Table 4.8 where the change in the intensity of one individual
peak in compared with its respective excitation in the stacked form.
A qualitative analysis of the the absorptions in the relaxed structures
show a tendency of the excitations in the stack to be red-shifted in relation to the excitations in the isolated cationic porphyrin, furthermore
this shift is accompanied of a change in the intensity, normally a reduction
(hypochromism). In the Table 4.8 we put the change in percentage of the
absorption intensity (∆I) of a given peak in the porphyrin (or G4) respect
to the stacked structure (G4/TMP), we indicate in the same place if the
excitation presents hypochromism or hyperchromism using arrows, finally
we compare our results with the available experiments in the literature.
In the low energy range associated to the porphyrin we can divide our
analysis in three groups: 1. Q-band, 2. Charge-transfer band and 3. Soret
band. In the first group we have the two characteristic transitions, that in
the case of the relaxed structure present an average red-shift of 0.14 eV with
an average hypochromicity of 16%. For the dynamical mds3 structure we
have an average red shift of 0.09 eV combined with 30% of hypochromism.
Comparing our results with the experiment in the Table 4.8 for the low
energy region we have a good agreement in the position of the experimental
absorption peak which present an almost imperceptible hyperchromicity.
Our calculations also show several peaks composed by different excitations.
These results these differ with the experimental results by del Toro et al.[56]
where only one peak is showed. This discrepancy can be explained due that
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Table 4.8: Vertical excitations energy (in eV) for the stacked guanine
quadruplex (G4) with 5,10,15,20-meso-tetra(N-methyl-4-pyridyl)porphyrin
(TMP): G4/TMP, relaxed and distorted (mds3) at TDDFT level in the
ALDA approximation. Additionally we present the change in the intensity
(∆I) of peaks in the isolated TMP (whereas G4 is not specify) with respect
to the formed stack. The up arrow (↑) means hyperchromism and the down
arrow (↓) means hypochromism. In the experimental column the arrow (→)
means the shift of the absorption peak after stacking (G4 → G4/TMP).
G4/TMP
Peak

Relaxed

(∆I)

mds3

(∆I)

1

1.77

(6% ↑)

1.54

(22% ↓)

2

2.02

(38% ↓)

1.82
2.18

Exp.

(38% ↓)
2.2-2.5 (4% ↑)b

3

2.26

4

2.44

(34% ↓)

2.40

(30% ↑)

5

2.70-2.80

(35% ↓)

2.75

(12% ↓)

6

2.97

(26% ↓)

7

3.28

(24% ↓)

3.06

(50% ↓)

2.95→2.88 (24% ↓)b
2.94→2.92 (45% ↓)c

3.23

2.94→2.81 (58% ↓)d
8

3.54

(18% ↓)

3.48

(38% ↓)

9

3.75

(6% ↑)

3.83

(32% ↓)

10

3.95

4.02

(1% ↑)a

11

4.17

4.47

(7% ↓)a

12

4.42

13

4.56

(9% ↓)a

4.98

14

4.90

(41%

↓)a

5.20

15

5.45

(15% ↓)

5.60

a

(15% ↓)

4.77

With respect to the G4.
In H2 O with K+ ions, del Toro et al [56].
c In H O with K+ ions, Lubitz etal [142].
2
d In H O with K-free ions, Lubitz et al [142].
2
b

4.86→4.83 (14% ↑)b
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the experimental low energy peak can be composed by several non resolved
excitations. The Second energetic region related to the charge-transfer excitations present for the we have for the optimized geometry a small red-shift
of 0.04 eV with hypochromicity of 32%, in the mds3 geometry the red-shift
is larger in comparison with the relaxed counterpart, 0.14 eV and the change
in the absorption is just a 9% of reduction. In the third group associated
to the Soret band we found a red shift of 0.06 eV and 0.04 eV for the relaxed and distorted structures respectively with an hypochromism of 24%
and 50%. This result is in agreement with the available experimental results
where the red-shift ranges from the 0.02 eV-0.13 eV and the hypochromicity
between 24%-58%[56; 142].
In the region above 3.5 eV the change in the absorption in the stacks
and the shift with respect to its moieties is more complex because in this
energy range the first excitations associated to the guanine quadruplex are
present. From here we can highlight the two excitations labeled as peak 13
and peak 14 in the Table 4.8 for the relaxed geometry and with 10 and 11
for the mds3 structure. Our results show for the relaxed stack that the first
peak present a blue-shif of 0.10 eV with a small hypochromicity of 9% and a
red-shift value of 0.07 eV with a strong reduction in the absorption of 41%.
In the dynamical geometry the first transition has a red-shift of 0.10 eV
accompanied by a light hyperchromism of 1%. The second transition has an
energetic red-shift of 0.14 eV combined with a reduction in the intensity of
the absorption of about 7%. By comparing this results with the experiments
we can see an agreement for the red-shift, while the change in the intensity
needs a deeper and careful analysis. A study of the dichroic response in
the porhyrinic stacks was done simultaneously with the calculation of the
optical response. The results are not included in this thesis as they are not
easy to compare with the experimental results. In general the theoretical
calculations of circular dichroism on large biological stacked structures is
particularly a hard and complex task[178] and we consider that important
factors such as structural fluctuations, and solvent effects which are not included in the present calculations, play a very important and they have to
be included when comparing with the experiments. In general the obtained
results found by means of LDA-TDDFT are in reasonable agreement with
the experimental data for the studied systems. The comparison of the calculated optical spectra of the isolated and stacked configurations with the
experiments indeed show that the observed shifts and hypochromism are
due the intercalation of the porphyrins.
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Figure 4.24: Comparison of the optical absorption spectrum of the G4, TMP
and its formed stack, in top: for the relaxed structures and bottom: for the
dynamical mds3 structure (additionally we plotted the optical absorption
for the G4/TMP/G4 stack associated to the mds3). In the top, inserted in
a box we present the absorption perpendicular (z-direction) to the plane of
the geometries.
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Optical properties of Inorganic 1-D chains7

A main goal in supramolecular chemistry is the understanding of weak intermolecular interactions that can result in self-assembly processes.[138] While
hydrogen bonding has been widely studied, other interactions such as weak
metal· · · metal interactions remain less explored.[17; 54] Among these, the
tendency of gold compounds to aggregate via Au-Au bonds is the most
familiar phenomenon, known as aurophilicity.[188; 204] However, this is
not the only metal· · · metal supramolecular interaction, and d10 · · · d10 weak
bonding has also been observed for Ag(I) and Cu(I) centres.[52] Similarly,
d8 · · · d8 interactions have been reported for some Pt(II) compounds. This
metal· · · metal weak interaction can result in columnar stacks formed by
one-dimensional chains of aligned coordination complexes (Figure 4.25).[163;
164]
The linear structures formed by the stacking of square planar monomer
complexes have shown interesting properties. For example, tetracyanoplatinates, K2 Pt(CN)4 X0.3 ·nH2 O (X = Cl, Br), commonly called KCP, were one
of the first examples showing electrical conductivity.[200] These systems are
formed by the stacking of square-planar [Pt(CN)4 ]n− anion complexes.[253]
The structures are formed by the overlapping of 5d2z orbitals, which are
strongly affected by the Pt-Pt intermolecular distances. The anisotropic
conductive properties of the KCPs are connected to their metal-metal distances. The electrical conductivity for the K2 [Pt(CN)4 ] (5·10−7 S·cm−1 ) is
substantially increased upon partial oxidation of KCPs. This is related to
a shortening of the Pt-Pt distances, which become close to what is found
in the platinum metal (2.78 Å). KCP based materials represent the first
inorganic “molecular wires” ever designed.[76; 154]
In a similar approach, analogous columnar systems have been formed
with dimetallic precursors.[53] These discrete dinuclear complexes with intermolecular metal-metal interactions have fascinating magnetic and electrical properties.[54] Some of them have been shown to be suitable as precursors for weakly-bound one-dimensional metal chains.[84; 116; 155] Recently, it has been shown that linear arrangements in crystalline samples
7
This section is largely an adaptation of the article: Alejandro Pérez Paz, Leonardo
Andrés Espinosa Leal, Mohammad-Reza Azani, Alejandro Guijarro, Pablo J. Sanz
Miguel, Gonzalo Givaja, Oscar Castillo, Rubén Mas-Ballesté, Félix Zamora and Angel
Rubio: Supramolecular assembly of diplatinum species through weak Pt(II)· · · Pt(II) intermolecular interactions: A combined experimental and computational study in Chemistry
- A European Journal. Volume 18, Issue 43, pages 13787-13799, October 22, 2012. As
such, the reported work includes collaboration of the rest of the authors of the article.
This paper can be downloaded from doi:10.1002/chem.201201962.
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Figure 4.25: Schematic illustration of the columnar structures from the
stacking of square planar mononuclear platinum complexes (a) and the dinuclear complexes (b).

of such compounds can result on different conductivity properties which
are highly depending on the Pt· · · Pt distances determined by the nature of
dithiocarboxylato ligands. In a previous report, it has been demonstrated
that the compound [Pt2 (S2 C(CH2 )5 CH3 )4 ] undergoes reversible aggregation processes in solution as observed by a characteristic thermochromic
behaviour.[109] More recently, it has been reported that such aggregations
also occur in compound [Pt2 (S2 CCH3 )4 ] and that can trigger the formation
of nanofibers on surfaces.[155]
A deeper understanding of the chemical principles that direct such assemblies is of great interest due to its potential impact on bottom-up assembly
of conductive 1D nanostructures. The work developed in this section aims to
provide answers by means of a combination of experimental and theoretical
insights to hitherto unexplored points concerning supramolecular assembly.
In particular, the factors (nature of ligands, solvents and other physical parameters) that have an influence on such self-associations are explored. The
results observed in solution will be discussed and related with the structures
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found in monocrystals. In addition, novel insights on the molecular and
electronic structures of supramolecules in solution are presented and related
with their spectroscopic features.
In this section, we present an elaborate study of the ground and excited
state properties of the Pt· · · Pt linear chain structures using a combination
of basis sets and (Time Dependent)/Density Functional Theory (TD)/DFT
methodologies.[32; 82; 150] We analyse the performance of different numerical approaches in the description of the electronic and optical properties of
various [Pt2 L4 ]n clusters and offer one detailed explanation of the experimental results. To minimize calculation times, all calculations have been carried
out with the representative compound [Pt2 L4 ] with ligand L= S2 CCH3 .
Crystallographic data shows that [Pt2 L4 ] forms stable chains in solid
phase. In solution, it is also observed the formation of [Pt2 L4 ]n aggregates. The stability of these supramolecular entities is due to persistent
intermolecular metal· · · metal weak interactions, which are in general difficult to describe by standard DFT methods. In addition, the presence of
heavy transition metal atoms and the large size of the system render the
modeling of such structures a challenge with current theoretical approaches.
According to theoretical calculations, relativistic and electronic correlation
effects are thought to be important in the stability of such aggregates.
To describe accurately the energetics of [Pt2 L4 ] dimerization, our efforts
demonstrate that it is necessary to use a complete basis sets and to go beyond the widely used DFT methods. Thus, more sophisticated approaches
are required to predict Pt· · · Pt bond lengths comparable with the available
crystallographic experimental data. Theoretical insights on the molecular
and electronic structures of [Pt2 L4 ]n supramolecules, as well as further analysis of the electronic transitions responsible for UV-vis spectra are accounted
below.
In the next sections we present the theoretical results in the ground and
excited states of [Pt2 L4 ]n linear structures. The electronic properties of the
[Pt2 L4 ] compounds both in the ground and excited state were investigated
using different computational methods, most of them based on Density Functional Theory (DFT)[117] and its time dependent extension (TDDFT).[202]
A study of the change of the frontier orbitals during the dimerization processes in gas-phase was performed using the OCTOPUS code[36] over the
crystallographic data[185] without further modification at PBE[180; 181]
level for the exchange-correlation functional. The optical properties of the
linear [Pt2 L4 ]n clusters were calculated using the same methodology. The
parameters are the same to those ones that were specified in the section 2.3.
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Electronic Ground State: structure and energetics

As discussed previously, the intermolecular association process occurs via
weak d8 · · · d8 interactions between Pt atoms. The [Pt2 L4 ]2 structure was optimized using different exchange-correlation DFT functionals and basis sets.
The binding energies (Table 4.9) have been obtained from optimizations
starting from a structure rearranged to facilitate Pt· · · Pt contacts. Calculations were corrected for the Basis Set Superposition Error (BSSE).[26; 210]
As shown in Table 4.9, we found that DFT performs poorly at describing accurately the energetics of this kind of interactions and yields binding
energies which are greatly scattered. For example, the widely used exchangecorrelation functionals BLYP and B3LYP[190; 221] predict a repulsive interaction between monomers, a situation that even the long-range corrected
functional CAM-B3LYP[261] is not able to correct. Using the experimental structure and the PBE[180] functional in the complete basis set limit,
we obtained a reasonable binding energy of -1.44 kcal/mol. After extensive
testing, we concluded that for the purpose of the present work, which is the
characterisation of the spectral properties of weakly bound metal complexes,
the PBE functional family (which includes its hybrid version PBE0[1]) is the
best, providing a good compromise between accuracy and computing time.
Kawamura and co-workers[109] reported the only experimental estimate
available for the dimerization energy of [Pt2 (S2 C(CH2 )5 CH3 )4 ]. According
to that study, the dimerization is moderately exothermic (∆H=-13 kcal/mol)
but disfavoured entropically (∆S=-0.041 kcal/mol). The change in Gibbs
free energy at -20 degrees Celsius is -2.63 kcal/mol, approximately. To put
these numbers in context, they should be compared with the thermal energy at the same temperature (0.50 kcal/mol). This comparison shows the
weakness of the Pt· · · Pt interaction, which is favoured at sufficiently low
temperatures to overcome the entropic cost of self-association.
We explored the possibility that Pt· · · S could lead to the formation of
[Pt2 L4 ]n supramolecular structures. In principle, one would expect some
kind of attraction between Pt and S atoms of adjacent monomers. However,
in our calculations, we always found that intermolecular Pt· · · S is a repulsive
interaction in [Pt2 (S2 C(CH2 )5 CH3 )4 ] and never leads to a stable structure
on its own. The lack of Pt· · · S donor-acceptor interactions is probably due
to the fact the platinum-based empty orbitals are at energies very distant
from that of sulfur-based full atomic orbitals.
Geometry optimizations at distinct Pt· · · Pt distances were performed
taking as starting structure an eclipsed disposition of sulfur atoms between
monomers. We observed that as the monomers are brought together, a rela-
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Table 4.9: Computed binding energies (positive values indicate attractive
interaction) and equilibrium distances for the dimer [Pt2 L4 ]2 using different
exchange correlation functionals and basis sets. The LANL2DZ/LANL2DZ
basis sets were used for Pt atoms and 6-311+G** on the rest. Basis set superposition error (BSSE) was corrected. Values computed with the GAUSSIAN
09 package[67]. The binding energies were calculated from the difference in
total energy between the relaxed [Pt2 L4 ]2 system and two non-interacting
[Pt2 L4 ]. The binding energy in the complete basis set limit was estimated
to be 1.44 kcal/mol at the PBE level using the OCTOPUS code[36].
Functional

Binding energy (Kcal/mol)

Distance (Å)

LDA

15.78

3.016

PBE

1.25

3.599

-0.454

3.935

0.63

3.682a

0.53

3.682

0.0

3.684b

5.1

3.541a,c

9.50

3.365

9.355

3.285b

20.4

3.490

20.7

3.492b

CAM-B3LYP
PBE0

M06L
B97D
a
b
c

Without BSSE.
with LANL2TZ.
with PCM.

tive rotation occurs between them so as to break the eclipsed conformation of
adjacent sulfur groups. This is indicative that intermolecular S· · · S interactions become also repulsive at the Pt· · · Pt equilibrium distance in [Pt2 L4 ]2 .
The preferred structure adopts a staggered conformation and the dihedral
angle agrees well with crystallographic data (experimental dihedral angle SPt· · · Pt-S is 44o ). Thus, we emphasize that Pt· · · Pt attractive interactions
are the main responsible of the self-association of [Pt2 L4 ] species.
We also found a strong variation of the intramolecular Pt· · · Pt equilibrium distances, which are greatly scattered from 3.0 Å at the LDA level to
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Figure 4.26: Calculated differential charges (qexp-qseparated) using NPA
(Natural Population Analysis) between the separated and the experimental
[Pt2 L4 ]2 structure at the PBE0 level with LANL2TZ basis set on all platinum
atoms and 6-311+G** on the rest. Values calculated using the GAUSSIAN
09 package.[67]

3.8 Å with GGA functional (the sum of the van der Waals radii for Pt is
3.50 Å). For reasons that are still unclear, here we found that LDA (unlike
GGA/hybrid functionals) seems to yield reasonable Pt· · · Pt intermolecular
distances as already reported in aurophilic interactions[250] and in Pd(II)
and Pt(II) pyrophosphato complexes.[147] In addition, we note that equilibrium Pt· · · Pt distance becomes smaller when the geometrical optimization is
performed in presence of dichloromethane solvent at PCM model. Given the
difficulty of reproducing experimental geometry (in particular, the Pt· · · Pt
interaction) with DFT, we decided to use the crystallographic structure in
most of our subsequent calculations.
A differential analysis of the charge redistribution due to dimerization of
[Pt2 L4 ] is shown in Figure 4.26. The charges were computed at the PBE0
level with the LANL2TZ basis set for platinum and 6-311+G** on the rest
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Figure 4.27: Calculated differential analysis using Mulliken method (in red)
and NPA (Natural Population Analysis, in green) charges between the separated and the experimental [Pt2 L4 ]2 at the PBE0 level with LANL2TZ
basis-set on the platinum atoms and 6-311+G** on the rest. Values calculated using the GAUSSIAN 09 package.[67]

of atoms for the crystallographic [Pt2 L4 ]2 structure and its dissociated form.
Upon binding, the Natural Population Analysis (NPA)[194; 195] shows that
the Pt atoms in the intermolecular region donate almost 0.05 electrons,
which flow mostly to the nearby sulfur atoms, whereas the distant sulfur and
methyl groups remain virtually unaffected by the dimerization. Interestingly,
this analysis highlights the leading role of bridging ligands of the [Pt2 L4 ]2
dimetal structure in the assembly of [Pt2 L4 ]n through Pt· · · Pt interactions.
Specifically, NPA shows the ability of sulfur atoms to accommodate part of
the charge donated by platinum atoms resulting in a synergistic effect in
the linear stable structures. A similar behaviour is found for the Mulliken
charge differential analysis (see Figure 4.27) but a more pronounced charge
transfer between atoms is observed.
The presence of dichloromethane solvent does not significantly change
the charge differential analysis above. The only difference is that solvent in-
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Table 4.10: Isotropic part of the Gauge Independent Atomic orbital (GIAO)
nuclear magnetic shielding tensors for protons (in ppm). All values are
calculated at the same level of theory. Chemical Shifts (in ppm) are given in
parentheses. Geometries were optimized at the PBE0 level using the basis
sets LANL2DZ on Pt atoms and 6-311+G** for the rest.
Media/Compund
Vacuum
CD2Cl2
a

[Pt2 L4 ]

[Pt2 L4 ]2

TMSa

29.010150

28.973029

1.8551 (0.0)

(2.844950)

(2.882071)

28.893350

28.867046

(2.90765)

(2.933954)

31.8010 (0.0)

Tetramethylsilane.

duces somewhat larger charge separation in polarisable atoms such as sulfur
and also the carbon atoms directly attached to them.
It is worth mentioning that, from Figure 4.26, there is no appreciable change in the distribution of charge in the methyl groups of [Pt2 L4 ]
or [Pt2 L4 ]2 (and presumably of larger linear chains). Thus, 1 H-NMR is
expected to be insensitive to aggregation process, as we confirmed experimentally. Moreover, a theoretical determination of 1 H chemical shift values
shows no significant variation between [Pt2 L4 ] and [Pt2 L4 ]2 proton signals
(see Table 4.10). Undoubtedly, the 195 Pt NMR technique would be better suited to monitor the self-association process between [Pt2 L4 ] monomers
than 1 H-NMR. However, our attempts to discern signals in experimental
195 Pt-NMR data in this system were unsuccessful, probably due to fast
chemical exchange behaviour.
As a first approach to understand the electronic description of the Pt· · · Pt
bonding between monomer species, Figure 4.28 shows the energy variation
of selected Kohn-Sham molecular orbital with the Pt· · · Pt distance in a
[Pt2 L4 ]2 system. The energies and orbitals are computed at the PBE level
on a real space grid using the OCTOPUS code. The first thing to notice
is that the energy and the shape of the displayed unoccupied orbitals are
practically independent of the Pt· · · Pt distance. Also, the HOMO-3 is unaffected because is a MO localized exclusively in one monomer. The HOMO
and HOMO-1 levels remain degenerate from 14 Å up to 6 Å. Further decrease of the intermonomeric distance induces an energy splitting of these
MOs. Figure 4.28 (centre) shows that the HOMO becomes a σ antibonding
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Figure 4.28: Left: Energy variation of selected Kohn-Sham orbitals with the
distance between two monomeric [Pt2 L4 ] species. Isosurface representation
(enclosing 80 % of the charge) of these orbitals at the experimental geometry
(Centre) and at the Pt· · · Pt distance of 10 Å (Right). Values calculated
using the OCTOPUS code[36] and the PBE[180; 181] exchange-correlation
functional.

(A) combination of mainly 5d2z (65%) with a significant contribution of 6pz
(4%) and 6s (10%) of Pt and its energy increases upon dimer formation.
Conversely, the HOMO-1 is of σ bonding (B) nature and becomes stabilized
upon dimerization.
Pure d8 · · · d8 interactions, that is, the combination of adjacent Pt 5dz 2
occupied orbitals alone is not sufficient to explain a neat stabilization of
these supramolecular aggregates because the theoretical bond order is zero.
Of course, similar association is predicted to be much stronger for d7 · · · d7
interactions, where the σ bonding combination of dz 2 orbitals is occupied
(HOMO) and the σ antibonding combination is unoccupied (LUMO). Thus,
Pt(II)· · · Pt(II) attraction should be explained according more subtle interactions.
The current understanding of the driving force of such weak metal· · · metal
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interaction involves a symmetry-allowed mixing between atomic orbitals of
adjacent Pt atoms along the Pt-Pt vector (z direction), namely, the occupied
(donor) 5dz 2 and empty (acceptor) 6pz and 6s orbitals.[146] This overlap
(we confirmed the participation of 6pz and 6s atomic orbitals in HOMO and
HOMO-1 for [Pt2 L4 ]2 , see above) strengths the Pt-Pt interaction within
each monomer and, at the same time, results in a lobe expansion of the
frontier MOs that protrudes away the monomers favouring their subsequent
intermolecular Pt· · · Pt self-association.[109] This explanation supports the
experimental evidence that short intramolecular Pt-Pt distances are also accompanied by short intermolecular Pt· · · Pt distances.[109] Based on these
qualitative ideas of molecular orbital theory, Alvarez and co-workers have investigated the correlation between the pyramidalization angle α=Pt· · · Pt-L
and the Pt· · · Pt distance in various dimetal compounds including dithiocarboxylato complexes of Pt(II). [8]
A fitting from different HOMO-LUMO energies (see Figure 4.30) of OCTOPUS calculations of [Pt2 L4 ]n (n=1-4) polymers of increasing length n
gave the relation Egap (n) = 0.388 + 1.405/n eV. For an infinitely long chain
(n → ∞) the extrapolated value 0.388 eV agrees well with the computed
direct band gap (0.505 eV) obtained by studying the infinite periodic chain
at LDA level[185], here the difference in energy between the HOMO at the
Γ point and the edge of the BZ is 1.30 eV, which is also in good agreement
with the PBE value of 1.26 eV previously reported[84].

4.3.2

Excited State Properties: analysis of optical spectra

Since the HOMO in all [Pt2 L4 ] compounds is of σ ∗ character involving mostly
Pt atoms, a complete basis set on these atoms is essential to reproduce an
accurate spectrum. The basis set effect on the optical spectrum has been examined in a recent work[185]. The OCTOPUS code allows us to achieve the
complete basis set limit on all atoms faster than ordinary quantum chemistry codes (such as GAUSSIAN) which are typically based on atom-centred
basis sets. Specifically, for the case of Pt, we found that the available atomcentred basis sets (e.g. LANL2DZ and LANL2TZ) are not flexible enough.
The complete basis set limit for latter methods becomes prohibitively expensive due to the size of the systems in this work. Due to the aforementioned
limitations, a real-space method was chosen to study the optical absorption
of [Pt2 L4 ] systems.
As for the choice of exchange-correlation functional, previous works have
shown that PBE provides a relatively good description of the optical properties of organic complex (with some known deficiencie that are not relevant
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Figure 4.29: Calculated real-time TDDFT spectra for different isolated
[Pt2 L4 ]n (n=1-4) species at the PBE level using the OCTOPUS code.[36]
The spectra are normalized by the number of monomers [Pt2 L4 ]. The experimental spectra of [Pt2 L4 ] in solution at 20 and 0 degree Celsius are also
shown. The spectra for the isolated dimer along all polarization directions
are displayed in the inset. Note that the experimental broad band centred
at 760 nm (blue triangles) is due to the formation of polymers [Pt2 L4 ]n
(n>1) due to intermolecular Pt · · · Pt interaction and is polarized along
this direction.

here). Moreover, in view of the reasonable predicted energetics already discussed and the correct reproduction of experimental spectra, we decided to
carry out the optics calculations with PBE functional.
In our experimental study, we interpret the broad band at 760 nm in
the UV-vis spectra of concentrated solutions of [Pt2 L4 ] at low temperature
as an indication of the formation of oligomeric [Pt2 L4 ]n species. In order to
further elucidate this assignment we investigated theoretically the spectroscopic properties of isolated [Pt2 L4 ]n (n=1-4) species.
Figure 4.29 shows the UV-vis spectra from real-time TDDFT calculations at the PBE level for [Pt2 L4 ]n (n=1-4) computed using OCTOPUS
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Figure 4.30: The main Kohn-Sham orbitals involved in the most intense low
energy transition for [Pt2 L4 ]n (with n=1-4 increasing from Left to Right) at
the PBE level. The isosurface contours correspond to 20% of the maximum
value.

code. Geometries used for these calculations were obtained from the crystalline structure without further modification.
The system is assumed isolated in all spatial directions. Optical absorption for the three directions of polarization for [Pt2 L4 ]n (n=1-4) in vacuum
(inset of Figure 4.29) shows that most of visible transitions are polarized
along the axis passing through platinum atoms.
The calculated most intense absorption peak for the different [Pt2 L4 ]n
species are found at approximately 410, 570, 686 and 770 nm for the series n=1-4. These peaks correspond to neutral excitations from the HOMO
(mostly a σ ∗ combination of Pt 5d2z orbitals) to unoccupied orbital(s) of σ
character involving the sulfur ligands. A isosurface representation of the
most relevant orbitals in the optical transitions are given in Figure 4.30.
In the monomer, [Pt2 L4 ], the involved orbitals are from the HOMO to
LUMO+6 (63%) level. For the dimer, [Pt2 L4 ]2 , the transition involves the
HOMO to LUMO+8 (83%). In [Pt2 L4 ]3 , the contribution is more mixed but
still the behavior is the same (σ ∗ to σ). Here, the excitation from HOMO to
LUMO+12 (34%) is the most important transition. Finally, for the [Pt2 L4 ]4
the main contribution is from HOMO to LUMO+16 (67%). It is worth
mentioning that LDA (Perdew-Zunger parameterization[179]) yields similar
spectra as PBE in the low energy range[185].
Theoretical calculations show that the position of the band peak in the
visible is very sensitive to the intermolecular Pt· · · Pt distance[185]. This
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Figure 4.31:
Solvent effect on the real-time TDDFT spectra of the
dimer along the main axis of polarization. Seven (7) and twelve (12)
dichloromethane (DCM) molecules have been explicitly considered. The
influence of the solvent on the spectra only appears at high energies and is
shown in the inset. All values calculated with the OCTOPUS code.

phenomenon partially contributes to the broadening of this band when
[Pt2 L4 ] is found in solution. From Figure 4.28 (Left), we can rationalize
this behavior for [Pt2 L4 ]2 due to the closing of the gap between the HOMO
and LUMO+8 levels upon decreasing the Pt· · · Pt distance. Interestingly,
for the dimer [Pt2 L4 ]2 , the energy variation of the HOMO is responsible of
this red shift, while the LUMO+8 is unaffected by the Pt· · · Pt distance.
Comparison of the broad band observed in the experimental spectrum
(blue triangles in Figure 4.29) with our computed spectra clearly suggests
that at room temperature only monomeric [Pt2 L4 ] species are present, while
at low temperature a mixture of species [Pt2 L4 ]n with different nuclearities
coexists. The observed thermochromic effect on the experimental absorption spectra of [Pt2 L4 ] in solution is an indication that exist a reversible
equilibrium between the monomer and a mixture of various complexes of
different nuclearity.
We also consider the effect of the explicit solvent (dichloromethane) on
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the optical spectrum of [Pt2 L4 ]2 and we found that the visible part of the
signal remains unchanged with respect to vacuum. Only in the high energy
region we observe the dichloromethane signal as expected for this transparent solvent. Figure 4.31 shows the effect on the optical absorption spectrum
along the main principal axis of explicit solvent. We considered seven and
twelve molecules of dichloromethane. We compare these results with the
spectrum at the same level with our results in vacuum. We found that
the electronic effect of CH2 Cl2 on the visible region of [Pt2 L4 ]n spectrum
is negligible. We did not consider, however, the geometrical caging effect
that the DCM may have on the structure of [Pt2 L4 ] polymers. This phenomenon could change the Pt· · · Pt distance resulting in a spread of the low
energy band. Calculations were performed at PBE level using the OCTOPUS code. For the solvated systems, we needed to used a finite electronic
temperature (with a Fermi-Dirac smearing function and a smearing of 0.08
eV) to converge the ground state.
The results of the theoretical spectra of [Pt2 L4 ]1−4 clearly indicates that
increasing the length of the oligomer results in a decrease of the energy of the
optical transition associated to Pt· · · Pt aggregations. This result has been
confirmed by means of calculations of the optical properties of an isolated
periodic chain of dimers [Pt2 L4 ]2 [185].

Chapter 5

Conclusions and Perspectives
“I learned that courage was not the absence of fear, but
the triumph over it. The brave man is not he who does
not feel afraid, but he who conquers that fear.”
Nelson Rolihlahla Mandela, Madiba.

In this manuscript we have presented the results of five years of work
with the objective to understand the electronic properties in the ground
and excited state on different types of molecular systems. We did analyze
the performance, limitations, advantages and disadvantages presents in the
formalism of the Density Functional Theory (DFT) and its time dependent
extension (TDDFT) implemented under the real-space real-time framework.
In general, we have shown how the standard methods to compute the optical
response using TDDFT in the above mentioned scheme can be extended to
other types of spectroscopies as the dichroic ones (see Chapter 3). From our
studies it is clear that particular attention has to be paid to the accounting
of the gauge-invariance of the observables. Dichroic responses are highly
sensible in the sense of gauge-invariance when non-local potentials are used.
We have shown that TDDFT can describe accurately the optical response
on charge amphoteric molecules, large organic stacked systems and inorganic weak metal-metal supramolecular compounds (see Chapter 4). Our
results allow the exploration of novel and useful properties to be applied
in new devices such as solar cells, organic or inorganic molecular wires for
nanoelectronic circuits among others.
In section 3.2 we have presented a general formalism for the study of
the natural chiroptical properties of molecular systems. In our approach
these properties are obtained by probing the magnetization of the system
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perturbed by an electric field. In this framework a very efficient calculation
strategy has been proposed. This is based on the real-time solution of the
TDDFT Kohn-Sham equations and allows for the calculation of the whole
dichroic spectra through the time-propagation of the angular moment. A
second strategy based on the solution of the Sternheimer equation for the
response to the external perturbation is presented, but a different calculation
for each frequency have to be performed to obtain the chiroptical properties.
These two strategies are complementary.
In section 3.3 we have extended the chiroptical methodology to describe
the induced magneto-optical activity. Here we propose a new implementation for the calculation of the magnetic circular dichroism response in molecular structures. In the implementation the studied system is perturbed by
an electric field in presence of a constant perpendicular magnetic field. The
final response is obtained through the time-dependent propagation of the
electric dipole. This new approach allows the calculation of the magnetic
response due to Zeeman splitting of the ground or excited degenerate or non
degenerate states simultaneously. The final result realizes the total temperature independent magneto-optical response and it is general for closed-shell
systems.
In both implementations, a special care has been taken to guarantee the
gauge invariance of the formalism as stated before, for this purpose, an extra
term related to the non-local pseudo-potential, has to be included in the
calculation of the magnetization. This correction term is independent of the
representation and should be considered by any dichroic response approach
that uses non-local potentials. In particular, an additional term in the shorttime behavior of the dipole moment in the case of the magneto dichroic
response should be taken into account. Furthermore an accurate prediction
of excitation energies is needed to compute the dichroic spectra for molecules
having a more complicate spectrum (overlapping bands with opposite signs).
To this aim, a better description of the exchange and correlation functional
is clearly required. Our implementations in real-time have the advantage
that due to the absence of unoccupied states the size of the systems that
we can handle is larger. It is worth mentioning that the methods we have
developed are general and not restricted to any given functional.
The work presented in the Chapter 3 of this thesis open new directions for
further investigation. In particular about the extension of Time Dependent
Density Functional Theory in the real-time propagation methodology for the
description of other types of theoretical spectroscopies. Our results open a
new field of exploration not only focused for other types of differential spectroscopies such as Linear Dichroism (LD), Vibrational Circular Dichroism
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(VCD) or Electric (induced) Circular Dichroism (EiCD), but also in the
study of this implementations in other energy ranges of the electromagnetic
spectra apart of the UV/Vis (eg. Infrared, X-rays, etc.). This will ensure a
strong theoretical support from the experiments performed in for example
the synchrotron light sources. Moreover, from the theoretical perspective we
drive the attention to the possible problems arising from the use of non-local
potentials in the numerical implementations of this spectroscopies when vector potentials terms are present in the Hamiltonian description.
Apart for the development and implementation of new techniques using
real-time real-space TDDFT framework we studied the performance and
accuracy of this theory in different molecular systems. In the section 4.1
we present the results of the study of two types of molecular systems with
important properties in the field of non-linear optical devices or nanoelectronics as donor-aceptor systems. First, in section 4.1.1 we have calculated
the gas phase absorption spectra of four nitrophenolate anions and found
that TDDFT produce good results in comparison with the CC2 model which
provides excellent predictions of the maxima. While only a relatively narrow spectral region is covered by the four chromophores in solution, they
cover the entire visible region when isolated in vacuo. The large shifts can
be explained by the charge transfer character of the electronic transition.
Calculations reveal that the solvent shift is mainly a result of counter ion
and H-bond interactions. Therefore, it does not seem viable to correlate
the data with one of the solvent polarity scales. For setting the reference
point for the intrinsic absorptions of the chromophore anions, gas phase results are indeed required. Second, in section 4.1.2 this study provides the
first intrinsic optical properties of TTF+ , TMT-TTF+ , and TTN+ , and the
solution-phase spectrum of TTN+ . Based on these results we have firmly
established that the low-energy absorption by TMT-TTF and TTN radical
cations in solution can be assigned to the monomer. On the other hand, the
absence of a low-energy absorption around 714 nm in the gas-phase spectrum of TTF+ is in agreement with the assignment of this absorption to
π-dimers in solution, but it cannot be taken as evidence hereof.
In section 4.2 we have presented a complete DFT/TDDFT study of the
electronic properties and optical of guanine quadruplex wires stacked with
cationic porphyrins in local density approximation. This is the first theoretical study of the excited states of these kind of systems. We have proceeded our study using a divide et impera strategy and we have shown that
LDA produces a good compromise between accuracy and computational
cost and it can successfully predict the optical spectrum in the guanine
quadruplex structures: G4 and G4/G4 however this formalism fails in the
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description of the through-bonds charge-transfer excitations in the isolated
cationic porphyrin (TMP) and show that the calculated excitations are extremely sensible to the initial geometry, however this predicts accurately
the general shape of the spectrum. Once the calculations in the moieties are
converged, the computation of the optical spectrum of the stacked structures is found that in general a red-shift accompanied by an hypochromicity
is present in the combined structures. A comparison with the available
literature confirms that our results are in good agreement with the experimental data and more important, that we have presented a first theoretical
support of the experimental groups that suggest that cationic porphyrins
get intercalated on the structural planes of G4-wires producing a combined
red-shift+hypochromicity behavior in comparison with the free moieties.
In section 4.3 we have demonstrated that theoretical simulations confirm that [Pt2 L4 ] species binds through weak intermolecular Pt· · · Pt interactions. Direct interactions Pt· · · S or S· · · S have been found repulsive at all
level of calculations. The description of Pt· · · Pt weak interaction has been
particularly challenging due to issues with basis set incompleteness and limitations of current implementation of density functional theory. Description
of Pt· · · Pt binding requires consideration of orbitals beyond the frontier
ones because the HOMO is in fact of σ* character while the HOMO-1 is of
σ character. This weak M· · · M attraction is mediated by the interaction
between platinum 5d2z and 6pz atomic orbitals (the chain direction is along
the z axis). In addition, the soft sulphur atoms in dithiocarboxylato ligands
assist the supramolecular assembly by accommodating the electronic charge
donated by the Pt atoms involved in the Pt· · · Pt interaction.
From our extensive comparative study along different methodologies, we
found that complete basis set limit is essential in order to describe properly
the optical properties of these compounds. Theoretical calculations of optical spectra allowed us to elucidate the nature of the low energy transitions
that appear at low temperature. Our calculations clearly show that the appearance of such a band is due to oligomeric species that keep their cohesion
via Pt· · · Pt interactions. Further increasing the nuclearity of [Pt2 L4 ]n decreases the energy of these optical transitions, being its extreme case the periodic isolated chain (a model of the crystal phase), which shows absorbance
red-shifted to the infrared region. The broad band in the visible is attributed
to transitions from the HOMO, which is a σ ∗ combination of 5d2z and 6pz
orbitals of Pt atoms, to unoccupied molecular orbitals delocalized on the
sulphur ligands. Overall, our results lead to important advances in the understanding of how di-platinum species can assembly into 1D conductive
supramolecular polymers, offering valuable hints in the search of bottom-up
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assembly of molecular electronic devices.
In general we found that TDDFT in the real-time real-space framework
performs very well in the description of the excited states of the studied
molecular systems: charged, organic and inorganic. However a lot of questions related with future perspectives of research remains open in this thesis.
For the case of the applications, the work performed on the charged (anionic
and cationic) molecules can be extended to others levels of accuracy not only
in gas-phase but including solvent (implicit and explicit) through methodologies apart of TDDFT. For the stacked G4-wires with cationic porphyrins
our results are preliminary and there are remaining questions: eg. If it is
possible to establish the stacked position at the end or in the middle of the
wire and how it can change the whole electronic properties. Moreover, the
study of the natural dichroic signal in the stacked structures is still a challenge and how we can obtain better results in comparison with the available
experimental data. The results about the Pt· · · Pt chains need more research
to explain the nature of the weak metal-metal interactions and how they can
be accurately described by using ab initio methods in both the ground and
excited states.

Appendix A

Fundamentals of Optical
Activity
A.1

Phenomenology of Optical Activity

The main effect as on a molecule an electric field is measured by the polarisability of the molecule; the response to the electric field is a displacement
of the electronic charges in the direction of the applied field, the positive
charges are moved in the direction of the field and the negative ones in the
opposite direction. The displacement is proportional to the field strength,
resulting in the production of an induced dipole moment in the molecule. In
the classical picture, a chiral molecule with a given handedness is described
as a helical structure, which responds differently to left- and right- circularly
polarised. In this case, the charges are not allowed to move back to their
initial positions when the electric field is turned off. A circulatory motion
around the temporal variation of the applied electric field arises, accompanying the general forward motion in the direction of the incident electric field.
The currents associated with the circulatory component of the motion give
rise to a magnetic moment that is proportional to the temporal variation of
the produced electric field and points in the same direction as the electric
component of the radiation.
On the other hand, suppose the molecule is perturbed by a time-dependent
magnetic field. The variation of the flux through the molecule produces currents in the molecule, that means, a flow of charges around the direction of
the temporal variation of the magnetic field is induced, following Lenz’s law.
This displacement of charge gives origin to an electric dipole that is proportional to the temporal variation of the magnetic field, but with a negative
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sign, which comes from the Lenz’s law for induced currents.
Mathematically, the results described above can be summarised by the
phenomenological constitutive equations [101; 134] that relates the change
in the electric displacement (D) and the magnetic flux density (B) with the
change in the internal electric field (E) and magnetic field (H) as follows
1
∂
Di = ǫij Ej + γijk
Ek ,
ǫ0
∂xj

(A.1)

∂
1
Bi = µij Hj + ξijk
Hk .
µ0
∂xj

(A.2)

Conservation of energy requires that ǫij = ǫji and γijk = −γkij s,o then we
may write
γijk = eijk γij .

(A.3)

Here, eijk is a completely antisymmetric unit tensor of rank three, and γij
is an arbitrary second rank pseudotensor. Eq. A.1 can be rewrite as
1
D = ǫ · E + (γ · ∇) × E.
ǫ0

(A.4)

Considering a plane harmonic wave form for the electromagnetic field, the
gradient operator can be replaced for ∇ = iκns, where n is the index of
refraction, κ = ω/c is the wavenumber in vacuo, and s is the unit wavenormal. Then we can rewrite the equation for the electric displacement
1
D = ǫ · E + iκn(γ · s) × E.
ǫ0

(A.5)

Using this last equation in the wave equation for electromagnetic fields, it
is found that the refractive indices and the ratios of the components of the
electric displacement are independent of the antisymmetric part of the tensor
γij , so that we can choose this tensor to be symmetric in order to determine
n and the optical rotatory power. In an isotropic medium, γij reduces to
the pseudoscalar γ, and we can rewrite the Eq. A.4 as
D = ǫǫ0 E + ǫγ∇ × E.

(A.6)

Using Faraday’s law of electromagnetic induction we obtain
D = ǫǫ0 E − g Ḣ.

(A.7)
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Applying the same procedure in the case of the magnetic field, Eq. A.2
reduces to
B = µ0 H + g Ė.

(A.8)

These last two equations are the constitutive relations used by Condon [48]
in his classical work on optical activity. Now, considering the Eqs. A.7 and
A.8. The microscopic analogue of Eqs. A.7 and A.8 can be used to get the
individual response of the individual molecules, i.e.
p = αE′ − µ0 β Ḣ,

m = β Ė′ ,

(A.9)

where p and m are the induced electric and magnetic dipole moments of a
bond. α accompanies the usual polarisability term giving an induced electric
moment proportional to the applied field. E′ is the local electric field, and
H′ = H = µ−1
0 B at optical frequencies. The essential point here is the
introduction of the terms involving the parameter β. The total electric and
magnetic moments in unit of volume are
P = N p,

M = N m,

(A.10)

where N is the number of molecules in a unit volume. In case a medium
consists of a simple mixture of different kinds of molecules there are different
coefficients αi and βi for each species, and P and N are given by a individual
sum over terms pi and mi .
From these results, we can see that the component of the electric dipole
that is due to the magnetic field is perpendicular to the component coming
from the electric field. While the term αE′ in the induced dipole moment
is in the same plane as the electric vector, the term µ0 β Ḣ corresponds to
the induction of an electric moment in a plane parallel to B, and hence,
perpendicular to E′ . The total dipole moment lies in a plane that is rotated
from the direction of E′ , this fact gives as result that the plane of polarization
of the propagating electromagnetic wave being rotated.

A.2

Circular Birefringence and Ellipticity

Optical activity can be defined as the rotation of the polarisation of a
linearly-polarised electromagnetic radiation as it passes through a chiral
species. This behaviour is related directly to Circular birefringence [7; 14],
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i.e. the different indices of refraction for left- and right- circularly polarised
radiation. Mathematically, circular birefringence can be described, without
any lost of generality, by an electric field vector for left- and right circularly
polarised light of frequency ω passing through a medium with refractive index η. For a propagation in z direction, the electric field vectors can be
written as
1
(A.11)
EL,R = √ E0 (î ± iĵ)e−iφL,R .
2
Here φL,R = ωt − κL,R z and κ = ωc ηL,R , where ηL,R is the left and right
refractive index of the medium. If the medium is not optically active, then
the refractive indices are identical, η = ηL = ηR and the system does not
exhibit any circular birefringence. The superposition of the left- and rightcircularly polarised electromagnetic waves results in
ηz
1
(A.12)
E = EL + ER = √ 2E0 îe−iω(t− c )
2
which represents linearly polarised light of twice the individual magnitude
and oscillating in the plane along the direction of the vector î.
A chiral medium has different refractive indices for the left and right
components of linearly polarised light. Hences one of the components travels
faster than the other causing a difference in their phases. The superposition
between these two components is then given as

E = EL + ER


i

ηR z
ηL z
E0 h
=√
î + iĵ e−iω(t− c ) + î − iĵ e−iω(t− c )
2





ηz
1
zω∆η
zω∆η
= √ 2E0 î cos
− ĵ sin
e−iω(t− c ) ,
2c
2c
2

(A.13)

where ∆η is the difference between left- and right- refractive index, and
R
η = ηL +η
their average . While passing through a chiral medium, the
2
incident radiation remains linearly polarised, but its plane of polarisation is
rotated by (see Figure A.1, center )
zω
∆η
(A.14)
2c
The angle of rotation, α, is proportional to the difference between the refractive indices. For α > 0, i.e. ηR < ηL the sample is called dextrorotatory
and for α < 0, ηR > ηL , levorotatory. Using the Eq.A.14 we can rewrite it
α=
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Figure A.1: Electric field vector of linearly polarised light decomposed
into its coherent right- and left- circularly polarised components (left), rotated electric field vector after its pass through the optically active medium
(center), and elliptical polarisation, specified by the angle ψ, decomposed
into left- and right- circularly polarised components of different amplitude
(right).

as α = πλ (ηL − ηR ), which is similar to the equation that by Biot fitted to
his experiments.
Since refraction and absorption are intimately related phenomena, it
means that an optical active medium not only has to scatter but also absorb
right- and left- circularly polarised light differently. The absorbed light becomes elliptically polarised, wich can be decomposed into coherent left- and
right- circularly polarised light with different by amplitudes, as sketched in
Figure A.1 (right). The ellipticity ψ can be obtained by taking the ratio
between the minor and major axis of the ellipse, which are simply the difference and the sum of the amplitudes of the two circular components of the
incident radiation
tan ψ =

ER − EL
.
ER + EL

(A.15)

If ER is greater than EL , the ellipticity is defined as positive, the electric field
vector is attenuated by the medium. The attenuation is described by the
absorption index η ′ . The amplitude of a linearly polarised electromagnetic
field propagating in z direction, over a distance l follows the Beer-Lambert
law by
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El = E0 e −

2πl ′
η
λ

(A.16)

The ellipticity can then be written as

tan ψ =

e−

2πl ′
η
λ R
2πl ′

− e−

2πl ′
η
λ L
2πl ′

e− λ ηR + e− λ ηL 
πl ′
′
(η − ηR
)
= tanh
λ L

(A.17)
(A.18)

′ are the absorption indices for left- and right- circularly
here ηL′ and ηR
polarised light respectively. In the approximation for small ellipticities is
possible to rewrite Eq.A.17 as

π ′
′
)
(A.19)
(η − ηR
λ L
this last expression shows that the ellipticity in a function of the differ′ ), the circular dichroism of the
ence between the absorption indices (ηL′ − ηR
medium.
Optical Rotatory Dispersion (ORD) and Circular Dichroism (CD) both
depend on the wavelength of the incident radiation in the region of an electronic absorption, this behaviour is very similar to those for the usual absorption and refraction respectively. In the Figure A.2 both effects are
showed, and the combination of these phenomena in the absorption region
is called Cotton effect. At λ = λj ( wavelength of a incident electromagnetic
field in the absorption region), the optical rotation is zero and the optical
absorption and the dichroic response reaches its maximum. Far from the absorption region, the optical rotatory dispersion is often given by the Drude’s
equation. When the maximum peak of the optical rotatory dispersion occurs at higher wavelength than the absorption one, the curve is a Positive
Cotton effect curve, if there are several absorption bands, the total Cotton
effect will be the superposition of the individual Cotton curves.
ψ≈

A.3

The Electromagnetic Theory of Optical Activity

In this section we describe the electromagnetic theory of optical activity
following the classical paper of Condon [48], but using the notation of the
book of Atkins et al. [7].

Optical Rotatory
Dispersion

A.3. The Electromagnetic Theory of Optical Activity
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Absorption

Circular Dichroism

Figure A.2: The absorption of a typical electronic transition of an optically active molecule (bottom), also
the associated circular dichroism (middle) and the optical rotatory dispersion
(top) as a function of the wavelength.
The range of circular dichroism spectra
coincides with the absorption spectra
of molecules. However, Optical Rotatory Dispersion spectra are dispersive
and have longer “tails” of rotation to
long and shorter wavelengths than the
absorption spectra. Optical Rotatory
Dispersion can therefore be measured
at wavelengths outside the absorption
band. This behaviour is widely used in
the characterisation of pharmaceutical
compounds, typically using the yellow
D line of emission of Sodium (λ=589,29
nm).
λj

Positive Cotton effect

λj

Negative Cotton effect

Following the analysis in Sec. A.1 about the nature of the optical activity
inside a chiral system is essential to know how the electromagnetic radiation
propagates. We start from the well known Maxwell equations[134]

∇ · D = ρ,
∇ · B = 0,

∂B
,
∂t
∂D
,
∇×H=J+
∂t
∇×E=−

(A.20)

In an optically active medium, the relationship between the electric displacement , D, and the polarisation P can be expressed by
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D = ǫ0 E + P

(A.21)

and the magnetic flux density, B, is related to the magnetic field strength,
H, by
B = µ0 H.

(A.22)

Taking the curl of both sides of this equation and using Maxwell’s equations
for the curl of the magnetic field strength leads to
∇ × B = µ0 J + µ0

∂D
.
∂t

(A.23)

Using the Eq. (A.21) we obtain
∇ × B = ǫ 0 µ0

∂E
∂E
∂2B
+ µ0 αN
− µ0 βN 2 .
∂t
∂t
∂t

(A.24)

Taking the curl again, taking advantage of the fact that ∇ × (∇ × B) =
∇(∇ · B) − ∇2 B, the divergence of the magnetic flux density is zero and the
curl of the electric field is proportional to the temporal variation of magnetic
flux density, we obtain
2

∇ B = ǫ 0 µ0



αN
1+
ǫ0





∂2B
∂2B
.
+ µ0 βN ∇ ×
∂t2
∂t2

(A.25)

From the definition of linearly polarised time-dependent electric field in
Eq. (A.11) and using the Maxwell equations we can write the magnetic
flux density as
1 E0 κL,R
BL,R = √
(ĵ ∓ iî)e−i(ωt−κL,R z) .
2 ω

(A.26)

Using this result in Eq. (A.25) we obtain a mathematical expression for the
wavevector. In the same way one can derive an expression for the difference
between the refraction indices. The result is


αN
2
2
± µ0 βN ω 2 κL,R .
(A.27)
κL,R = ǫ0 µ0 ω 1 +
ǫ0
Taking in to account that ǫ0 µ0 = 1/c2 and κL,R = ωηL,R /c, it follows that
2
=1+
ηL,R

αN
ωβN
±
ηL,R .
ǫ0
cǫ0

(A.28)
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Solving this quadratic equation for ηL,R to first order in β we obtain for
∆η = ηL − ηR
∆η =

ωN
β.
cǫ0

(A.29)

This result shows the importance of β in the description of the optical activity in chiral systems. Here, this result was derived for the refraction
index. However, it is possible to extend using the complex indices of refraction η̃L = ηL + iηL′ which includes both parts: the refraction and the
absorption . It is necessary to take into account also that β is a quantity of
tensorial nature. In experiment one measures the isotropic average β̄. The
connection with the macroscopic quantities is given pluggin Eq. (A.29) in
the Eqs. (A.14) and (A.19). One obtains a couple of equations for the angle
of rotation per unit of length1 [α] and the ellipticity per unit of length [ψ]
of linearly polarised light when it goes through a chiral medium
ω2N
Reβ̄,
2c2 ǫ0
ω2N
[ψ] = 2 Imβ̄.
2c ǫ0
[α] =

(A.30)

These are the final results that, in conjunction with quantum mechanics techniques, will be used to determine the optical activity of chiral molecules.

1

Measured in the same units of λ.

Appendix B

Numerical Tests
B.1

Gauge invariance

To illustrate the discussion established in the section 3.2.5 we show in Figure B.1 results for the ECD signal of R-methyloxirane. We performed two
calculations of the ECD signal first for the molecule centered with respect
to the origin of the simulation box, and then with the molecule displaced by
8 Å. We plot in Figure B.1 the difference between the two spectra both with
and without the gauge correction. It is clear that the inclusion of the gauge
term of Eq. (3.28) eliminates the unphysical dependence of the ECD signal
on the origin of the gauge: this is essential for reliable results.

B.2

Numerical properties

We note that both the real-time and Sternheimer approaches require only the
calculation of the occupied Kohn-Sham orbitals and have a favorable scaling
with the size of the system (quadratic for real-time propagation and cubic
for Sternheimer linear response). With respect to other methods to calculate
dichroic response, the cost is similar to the TDDFT method of reference [9],
but implementations based on Eq. (3.24) are expected to exhibit a worse
scaling with the number of atoms and the active-space considered in the
wave-function expansion.
An additional advantage of the real-time approach is that it can be easily
parallelized by distributing the orbitals among processors [36]. Since the
propagation of each orbital is almost independent from the others, very
little communication is required resulting in a very efficient parallel scheme.
From the practical point of view the relative numerical cost of the two

142

B. Appendix B: Numerical Tests

300

without gauge correction
with gauge correction

200

ΔR [%]

100
0
-100
-200
-300
4

5

6

7

8

9

Energy [eV]
Figure B.1: Gauge invariance test. Percentage difference in the rotatory
strength function between two calculations performed with the molecule in
the origin and displaced from the origin by 8 Å, without (solid black) and
with (dashed red) the inclusion of the gauge correction from Ref. [186].
The system is R-methyloxirane. (The difference has been divided by the
maximum of the signal: 0.004 Å3 ).

methods we have presented depends on the information that one wants to
gain. For the calculation of the response in the full spectral range, the realtime method is more efficient because the full spectrum can be obtained from
a single run per perturbation direction. On the other hand, if the response
for a small number of frequencies is desired, the Sternheimer formalism
allows one to obtain the optical signals at few discrete frequencies with less
computational cost.

B.3

Implementation of ECD

The two TDDFT formalisms described above, real-time and Sternheimer,
were implemented in the code octopus [36; 148]. In octopus a real-space
grid is used to represent the orbitals and other functions. The Troullier-
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Figure B.2: Percentage difference in the rotatory strength function of Rmethyloxirane between two calculations in which the molecule is displaced by
0.06Å, without (solid black) and with pseudo-potential filtering [224] (dashed
red). Inset: Deviation of the total energy from the average value, calculated
for different displacements of the center of the molecule with respect the
grid origin, with (circle red) and without (square black) the filtering. The
spacing of the grid is 0.24 Å.
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Martins [235] norm conserving pseudo-potential approximation is used to
model the electron-ion interaction.1 Unless stated otherwise, the exchange
and correlation is treated at the level of the local density approximation
(LDA) in the Perdew-Zunger parametrization [179]. The use of the usual
GGA corrections does not change significantly the results discussed below.
Real space grids are advantageous for response calculations, since the
discretization error can be systematically controlled by increasing the size
of the simulation box and reducing the grid spacing. We have checked that,
with the parameters used in our calculations, the relation (3.27) is satisfied
up to an error of (10−7 ). A problem of real-space grid representations, however, is the spurious dependence of the total energy and other quantities on
the relative position between ions and grid points, which breaks the translational invariance (see inset of Figure B.2). This artificial dependence is
ascribed to the aliasing caused by Fourier components of the ionic potentials that have a higher frequency than the highest frequency resolved by
the finite grid spacing. This problem has been extensively studied in the
past [112] and can be considerably reduced by filtering the ionic potentials
to eliminate these high Fourier components. For this purpose, we use the
mask function filter of Tafipolosky and Schmid [224]. We show in Figure B.2
the effect of the high-frequency filtering. We find that the use of the filtering
technique is crucial for efficient chiroptical response calculations: the plot
in Figure B.2 in fact illustrates the error resulting in the difference dichroic
signal when the molecule is displaced with respect to the computational grid
(black line), which is removed by the frequency filter (red line). Note that
the expectation value of the angular momentum operator is very sensitive
to the position of the ions with respect to the grid points and this strong
dependence gives rise to a significant ambiguity in the position, sign and
intensity of the spectral peaks.

1

For all the components the pseudo-potentials cutoff radii are 1.25 a.u. for hydrogen
atoms, 1.47 a.u. for carbon atoms, and 1.39 a.u. for oxygen atoms.

Appendix C

Sum rules in MCD
C.1

Classical sum rules in MCD

In a recent publication by Lee et al.[137] about a real-space real-time implementation of MCD they have that the Sum Rules satisfies (see Eq.(25) in
the original reference) the relation
−

ik
e3 Bk
hΦ0 |[µα , [H, [H, µβ ]]]|Φ0 i = ± 2 Ne
2
2m c

(C.1)

this commutator is the coefficient in the expansion of the expected value of
the dipole moment with the magnetically perturbed wave-functions. Here
Ne is the number of electrons, µβ is the dipole moment in the β direction
(considering the α, β, γ the three Cartesian components) and H = H0 +
e
the Borh magneton. To clarify our point about
µ′β BLγ with µ′β = 2mc
the sum rules in MCD with non-local pseudopotential approximation, we
develop all terms in Eq.C.1, in that case we have
[H, µβ ] = e[H, rβ ]
= [H0 + µ′β BLγ , rβ ]
= e[H0 , rβ ] +

(C.2)

eµ′β B[Lγ , rβ ]

from basic conmutator relationships in quantum mechanics we have that
[H0 , rβ ] = −i~
m pβ and
[Lγ , rβ ] = [rα pβ − rβ pα , rβ ]

= [rα pβ , rβ ] − [rβ pα , rβ ]
= −i~rα

(C.3)
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from last results we have that
[H, µβ ] =

−i~e
pβ − i~eµ′β Brα
m

(C.4)

the next step in solving Eq.C.1
−i~e
pβ − i~eµ′β Brα ]
m
−i~e
=
([H, pβ ] − mµ′β B[H, rα ])
m

[H, [H, µβ ]] = [H,

(C.5)

from this equation we have
[H, pβ ] = [H0 + µ′β BLγ , pβ ]
= i~

∂V (r)
− i~µ′β Bpα
∂rβ

(C.6)

and for the second term of Eq.C.5
[H, rα ] = [H0 + µ′β BLγ , rα ]
−i~
pα + i~µ′β Brβ
=
m
taking Eq.(C.6) and Eq.(C.7) in Eq.(C.5), we have


−i~e
∂V (r)
′
− i~µβ Bpα
[H, [H, µβ ]] =
i~
m
∂rβ


−i~
− i~eµ′β B
pα + i~µ′β Brβ
m

(C.7)

(C.8)

solving finally Eq.C.1 by putting this last result and considering that [rα , rβ ] =
[rα , F (rβ )] = 0
[µα , [H, [H, µβ ]]] =
=

2~2 e2 µ′β B
m
2
2ie µ′β B

[rα , pα ]
(C.9)
3

~
m
e
and and defining ~ = 1 we have
taking this last result, changing µ′β = 2mc
that the Eq.(C.1) is verified.
This result can be reproduced following a classical approach for one electron moving in a linear trajectory in presence of a perpendicular constant
magnetic field. If the electron is impulsed by a infinitesimal electric field (κ)
in the i direction, the acquired velocity has the magnitude vi = −ek/m, if
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a instantaneous constant magnetic field B is applied in an arbitrary direction j orthogonal to the unitary velocity vector, the electron will gain an
acceleration in the component perpendicular to i and j with magnitude
a=

e2 Bk
m2 c

(C.10)

if we choose the cartesian axes, we have that the dipole moment in the x
direction (assuming a y-direction velocity and a z-direction magnetic field)
h−ex(t)i =

Ne e3 Bk 2
t ,
2m2 c

(C.11)

showing the equivalence with the result in Eq.(C.1).

C.2

Sum rules in MCD with non-local potentials

One of the main features of norm-conserving Troullier-Martins pseudopotential approximation is that it is necessary to deal with a non-local part
which can affect the gauge-invariance in the calculations. To first order in
the magnetic field (B) the real pseudopotential hamiltonian to solve is
1
1
H = p2 + V loc (r) + V0nl + L · B,
2
2c

(C.12)

to ensures the gauge-invariance in the quantities obtained from this hamiltonian, a phase factor has to be add to the non-local potential, in that case
the hamiltonian can be rewrite (GIPAW pseudo-hamiltonian) as
X i
−i
1
1
e 2c r·R×B VRnl e 2c r·R×B + L · B
H = p2 + V loc (r) +
2
2c

(C.13)

R

to firs order in B

X
1
1
H = p2 + V loc (r) +
VRnl +
2
2c

L+

R

X
R

nl
R × vR

!

·B

(C.14)

where
1
nl
vR
= [r, VRnl ]
i

(C.15)

148

C. Appendix C: Sum rules in MCD

the result in Eq.(C.14) is the true hamiltonian which has to be evaluated to
get the complete sum rules for the MCD with non-local pseudopotentials.
Here we will show following the second methodology (shortest way) how the
sum rules for the MCD with non-local pseudopotentials have to be corrected.
The velocity operator for a particle described in the quantum mechanics
formalism in the i direction has the form,


d
i
∂
hri i =
ri + h[H, ri ]i,
(C.16)
dt
∂t
~
because there is not explicit dependency in time for the position operator,
and taking in account that our electron is described with a hamiltonian as
Eq.(C.14), it means H = Hloc + Hnon-loc , the velocity operator is
pi
i
+
[Hnl , ri ]
(C.17)
m m~
then for one electron moving linearly in a given direction under the action of
an arbitrary magnetic field B, the acceleration due to the Force of Lorentz
is


e pi
i
a=−
(C.18)
+
[Hnl , ri ] × B
c m m~
vi =

the dipole moment in an arbitrary direction (let’s say x) perpendicular to
the velocity unitary vector (y) and the unitary direction of the external
magnetic field (z)


i
Ne e 2 B
(C.19)
ek + [Vnl , r]y t2 ,
h−ex(t)i =
2m2 c
~
here we have the corrected sum rules for the Magnetic Circular Dichroism
strength function when the electrons in the system are moving under the
action of non-local potentials (the most extended case in atomic systems).
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Emge, and Peter Bäuerle. Spectroelectrochemistry of electrogenerated
tetrathiafulvalene-derivatized poly(thiophenes): Toward a rational design of organic conductors with mixed conduction. The Journal of
Physical Chemistry B, 102(40):7776–7781, 1998.
[100] Sohrab Ismail-Beigi, Eric K. Chang, and Steven G. Louie. Coupling
of nonlocal potentials to electromagnetic fields. Phys. Rev. Lett.,
87(8):087402, Aug 2001.
[101] C.R. Jeggo. Nonlinear optics and optical activity. J. Phys. C: Solid
State Phys., 5, 1972.
[102] Brynmor Jones and Frank Chapman. 337. the nitration of esters of 4-hydroxydiphenyl. the preparation of 4-hydroxy-4’- and -2’nitrodiphenyls. J. Chem. Soc., pages 1829–1832, 1952.
[103] R. O. Jones and O. Gunnarsson. The density functional formalism, its
applications and prospects. Rev. Mod. Phys., 61:689–746, Jul 1989.
[104] K. Kalyanasundaram.
Photochemistry of water-soluble porphyrins: comparative study of isomeric tetrapyridyl- and tetrakis(nmethylpyridiniumyl) porphyrins. Inorganic Chemistry, 23(16):2453–
2459, 1984.
[105] Mortimer J. Kamlet, Jose Luis Abboud, and R. W. Taft. The solvatochromic comparison method. 6. the π ∗ scale of solvent polarities.
Journal of the American Chemical Society, 99(18):6027–6038, 1977.
[106] Mortimer J. Kamlet and R. W. Taft. The solvatochromic comparison
method. i. the .beta.-scale of solvent hydrogen-bond acceptor (hba)
basicities. Journal of the American Chemical Society, 98(2):377–383,
1976.

160

BIBLIOGRAPHY

[107] Hiromitsu Kanai, Veronica Inouye, Reginald Goo, and Helen Wakatsuki. Cotton-acid-succinate separation of controlled substances prior
to determination by infrared spectrometry. Anal. Chem., (54):1017–
1018, 1982.
[108] David R. Kanis, Mark A. Ratner, and Tobin J. Marks. Design and construction of molecular assemblies with large second-order optical nonlinearities. quantum chemical aspects. Chemical Reviews, 94(1):195–
242, 1994.
[109] T. Kawamura, T. Ogawa, T. Yamabe, H. Masuda, and T. Taga. Structure and oligomerization of tetrakis (dithioheptanoato) diplatinum.
Inorganic Chemistry, 26(21):3547–3550, 1987.
[110] Y. Kawashita, K. Yabana, M. Noda, K. Nobusada, and T. Nakatsukasa.
Oscillator strength distribution of c60 in the timedependent density functional theory. Journal of Molecular Structure:
THEOCHEM, 914(1-3):130 – 135, 2009. Time-dependent densityfunctional theory for molecules and molecular solids.
[111] Vladimir Khodorkovsky, Lev Shapiro, Pnina Krief, Alex Shames,
Gilles Mabon, Alain Gorgues, and Michel Giffard. Do π-dimers of
tetrathiafulvalene cation radicals really exist at room temperature?
Chem. Commun., pages 2736–2737, 2001.
[112] R. D. King-Smith, M. C. Payne, and J. S. Lin. Real-space implementation of nonlocal pseudopotentials for first-principles total-energy
calculations. Phys. Rev. B, 44(23):13063–13066, Dec 1991.
[113] Maj-Britt Suhr Kirketerp, Michael Åxman Petersen, Marius Wanko,
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[185] Alejandro Pérez Paz, Leonardo A. Espinosa Leal, Mohammad-Reza
Azani, Alejandro Guijarro, Pablo J. Sanz Miguel, Gonzalo Givaja,
Oscar Castillo, Rubén Mas-Ballesté, Félix Zamora, and Angel Rubio. Supramolecular assembly of diplatinum species through weak

168

BIBLIOGRAPHY
ptii· · · ptii intermolecular interactions: A combined experimental and
computational study. Chemistry - A European Journal, 18(43):13787–
13799, 2012.

[186] Chris J. Pickard and Francesco Mauri. Nonlocal pseudopotentials and
magnetic fields. Phys. Rev. Lett., 91(19):196401, Nov 2003.
[187] D. Porath, G. Cuniberti, and R. Di Felice. Charge transport in dnabased devices. Long-Range Charge Transfer in DNA II, pages 183–228,
2004.
[188] P. Pyykko. Theoretical chemistry of gold. iii. Chemical Society Reviews, 37(9):1967–1997, 2008.
[189] Martin R. Bryce, Wayne Devonport, Leonid M. Goldenberg, and
Changsheng Wang. Macromolecular tetrathiafulvalene chemistry.
Chem. Commun., pages 945–952, 1998.
[190] K. Raghavachari. Perspective on density functional thermochemistry. iii. the role of exact exchange. Theoretical Chemistry Accounts: Theory, Computation, and Modeling (Theoretica Chimica
Acta), 103(3):361–363, 2000.
[191] A K Rajagopal. Inhomogeneous relativistic electron gas. Journal of
Physics C: Solid State Physics, 11(24):L943, 1978.
[192] A. K. Rajagopal and J. Callaway. Inhomogeneous electron gas. Phys.
Rev. B, 7:1912–1919, Mar 1973.
[193] Arvi Rauk. The optical activity of the three-membered ring: oxiranes, aziridines, diaziridines, and oxaziridines. J. Am. Chem. Soc.,
103(5):1023–1030, 1981.
[194] A.E. Reed and F. Weinhold. Natural localized molecular orbitals. The
Journal of chemical physics, 83:1736, 1985.
[195] Alan E. Reed, Robert B. Weinstock, and Frank Weinhold. Natural
population analysis. The Journal of Chemical Physics, 83(2):735–746,
1985.
[196] Christian Reichardt. Solvatochromic dyes as solvent polarity indicators. Chemical Reviews, 94(8):2319–2358, 1994.

BIBLIOGRAPHY

169

[197] Xue-Feng Ren, Ai-Min Ren, Ji-Kang Feng, and Xin Zhou. Density
functional theory study on photophysical properties of the porphyrins
derivatives with through-bond energy transfer characters. Organic
Electronics, 11(6):979 – 989, 2010.
[198] G. L. J. A. Rikken and E. Raupach. Enantioselective magnetochiral
photochemistry. Nature, 405(6789):932–935, 2000.
[199] Frédéric Rosu, Valérie Gabelica, Edwin De Pauw, Rodolphe Antoine,
Michel Broyer, and Philippe Dugourd. Uv spectroscopy of dna duplex
and quadruplex structures in the gas phase. The Journal of Physical
Chemistry A, 116(22):5383–5391, 2012.
[200] S. Roth. One-dimensional metals: conjugated polymers, organic crystals, carbon nanotubes. Vch Verlagsgesellschaft Mbh, 1995.
[201] L.E. Roy, P.J. Hay, and R.L. Martin. Revised basis sets for the lanl effective core potentials. Journal of Chemical Theory and Computation,
4(7):1029–1031, 2008.
[202] Erich Runge and E. K. U. Gross. Density-functional theory for timedependent systems. Phys. Rev. Lett., 52:997–1000, Mar 1984.
[203] M. Schindler and W. Kutzelnigg. Theory of magnetical-susceptibilities
and nmr chemical-shifts in terms of localized quantities .2. application
to some simple molecules. J. Chem.Phys., 76:1919–1933, 1982.
[204] H. Schmidbaur and A. Schier. A briefing on aurophilicity. Chem. Soc.
Rev., 37(9):1931–1951, 2008.
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