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Prologue
Organic photovoltaics represent a highly attractive choice of power generation in terms
of cost and flexibility. However, the low eﬃciencies attained up to now limit their
significant application. Such limitation has certainly stimulated fundamental research
focused on materials design and device architectures. This dissertation, Large Scale
Modelling of Photo-Excitation Processes in Materials with Application in Organic Photovoltaics, investigates -using first principles theory and modelling- more
eﬃcient optoelectronic materials. New materials with promising applications in the
field are proposed. Special attention is given to electron transfer processes in very large
systems and to the prediction of non-radiative mechanisms that contribute to eﬃciency
losses.
This thesis intends to be reader friendly, thus, it is structured in such a way that
each Chapter is self-contained (although at the end of this manuscript a list of acronyms
is presented). Chapter 1 provides the background for studying the photovoltaic and
optoelectronic processes in organic photovoltaics. The state-of-the-art and the current
challenges in the field are also described. Chapter 2 outlines the general objective
and then it goes through the specific goals. Chapter 3 introduces the theoretical and
computational methodologies used along this thesis. Methodologies are only briefly
explained. A list of references is provided in case more details are required. Chapter 4
reports the software development contribution of this work. The extended implementation of a polarizable force field, which is part of the Amsterdam Density Functional
modeling suite released in 2017, is described. Chapter 5 describes a calibration of
exchange-correlation functionals for density functional theory-based methods as the
basis for the next Chapter. Chapter 6 studies the charge transfer exciton binding energies in organic semiconductor materials for polymer:fullerene bulk heterojunction solar
cells, and consists of a scientific paper published in the Journal of Physical Chemistry A. Chapter 7 explores the potential energy surfaces of optoelectronic materials,
and it is part of a scientific paper in preparation at the time of the thesis submission.
Chapter 8 suggests further research lines connected to this project. Chapter 9 closes
with the main achievements and general conclusions. For completeness, supplementary
appendices and transferable academic achievements are presented.
This thesis is part of a European Joint Doctorate (EJD) in Theoretical Chemistry and Computational Modelling (TCCM) of the University of Groningen (UG) and
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CHAPTER 0. PROLOGUE
the University of Valencia (UV), in collaboration with the Software for Chemistry &
Materials (SCM) company based in Amsterdam, financed by the Innovative Training
Networks (ITN) of the MARIE Skłodowska-CURIE Actions (ITN-EJD-642294-TCCM).
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CHAPTER 1

Fundamentals of Electronic and Optoelectronic
Processes
1.1. Overview
Renewable energy, as the conversion of ambient energy into electrical current, seems to
be a promising energy source for diﬀerent applications. However, the road to success
is long, since many of the optical and electronic processes that underlie the energy
conversion are not fully understood.
Among the energy technologies those that use organic materials as active compounds have numerous advantages over their inorganic analogues. For instance, the
former, in contrast to the latter, are easier to manufacture, light weight and flexible.
As a result, organic materials have turned into the most desired materials for energy device applications. Examples of potential organic applications are organic photovoltaics
(OPVs), organic light emitting diodes (OLEDs), sensors, photo-switches, and organic
field eﬀect transistors (OFETs) [1].
Current organic energy technologies suﬀer from low eﬃciencies and they cannot
yet compete with the existing inorganic technologies [2, 3, 4]. Fortunately, their unique
and appealing features have motivated scientists and engineers to develop more eﬃcient
technologies. This is why organic optoelectronics is an active area of research both in
academia and industry sectors [5, 6].
This thesis is concerned with addressing the fundamental operating principles of
OPVs. Such principles together with the major challenges are briefly reviewed. Furthermore, the radiationless mechanisms that may operate in optoelectronic materials
are discussed.
1.2. Organic Photovoltaics
1.2.1. Operating Principle. OPVs are devices that convert photons into electrical current. Solar energy is the most attractive source. The electricity is generated in at
least three steps. Firstly, the material absorbs a photon leading to an exciton, that is,
a strongly bound electron-hole pair. Secondly, the exciton diﬀuses across the material
before the electron and hole separate. The energy needed to break the exciton is known
as the exciton binding energy, Eb . Thirdly, the individual charges are transported to
the electrodes giving rise to current flow [7].
13

1.2.2. Device Architectures. A polymer film typically needs a thickness of at
least 100 nm to absorb enough light. At such a large thickness, only a small fraction of
the excitons can dissociate, since the exciton diﬀusion length is about 5 to 10 nm [8].
For this reason, polymer only device architectures lead in most cases to eﬃciency losses
by exciton decay. To overcome this drawback, device architectures based on materials
with diﬀerent electron transport properties are being developed.
Examples of device architectures for OPVs are single layers, donor:acceptor (D:A)
bilayers or multilayers and D:A bulk heterojunctions (BHJs). In single layers, the active
layer is made of an absorber molecule only. As mentioned, in these devices the charge
generation is limited by exciton decay [9]. In D:A device architectures the active layer is
usually composed of a D molecule and an A molecule, either stacked with homogeneous
D/A interfaces or dispersed within a bulk material with heterogeneous D/A interfaces,
the so-called BHJs.
The presence of one or more D/A interfaces, where electron and hole transfer
processes occur, favors the exciton dissociation. At the D/A interface, the frontier
orbital energy level oﬀset of D and A molecules creates a driving force that splits the
charge transfer exciton into free charge carriers [10]. As a result, D:A junctions have
advantages over single device architectures. BHJs, having dispersed D/A interfaces
across the bulk, have more active sites for the exciton dissociation than conventional
D:A multilayers. Thus, the former are more eﬃcient than the latter.
Figure 1.2.1 shows the energy diagram for the charge formation in D:A OPVs, and
it reads as follows. The D molecule absorbs light and a local exciton is formed. The
exciton either relaxes to the ground state or dissociates via excited states (hot levels).
These excited states are the so-called charge transfer (CT) states. A CT state is a D/A
exciton where the hole and electron sit at the D and A molecules, respectively. The
energy needed to break a CT is known as the charge transfer exciton binding energy
(ECT -b ). When a CT state dissociates a charge separated (CS) state is formed. Since
the lowest CT state is lower in energy than the CS states, a competition between
internal conversion and electron transfer processes is expected. Internal conversion is
clearly undesirable and to avoid it, the electron transfer and charge separation rates,
kCT and kCS , respectively, have to be larger than the decay rate [10].
D*A$

kCT$

CT*$

kCS*$

Energy$

CS*$
CT$

kCS$

E(CS)=IP(D)?EA(A)$

DA$
Exciton$$$$$$$Charge$Transfer$$$$$$$$Charge$Separa7on$$$$$$$$
Figure 1.2.1. Electronic diagram for the charge formation in D/A OPVs.
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1.2.3. Eﬃciency. The power conversion energy (PCE) of a solar cell is defined
as the ratio between the maximum power output and the power of the incident light
(Plight ). PCE depends linearly on three factors, the short circuit current density (JSC )
the open circuit voltage (VOC ) and the so-called fill factor (FF) [11, 12, 13, 14, 15, 16].
PCE is conventionally represented by ⌘ and can be written as (see Figure 1.2.2)
(1.2.1)

⌘=

JSC VOC FF
.
Plight

JSC is the current density that flows through the external circuit when the electrodes of the solar cell are under short circuit conditions. Thus, JSC is the maximum
current density that may be delivered by a solar cell. JSC is due to the generation and
collection of light-generated carriers.
VOC is the voltage at which no current flows through the external circuit. Thus,
VOC is the maximum voltage that may be drawn from a solar cell. VOC depends on
the saturation current of the solar cell and the light-generated current.
FF is the ratio between the maximum power generated by the the solar cell and
the product of JSC with VOC (ratio between the dark gray rectangle and the light
gray rectangle of Figure 1.2.2). FF depends on the charge carrier mobility, the internal
electric field and the charge recombination.

Figure 1.2.2. J-V curve and parameters of a photovoltaic solar cell.

Charge recombination, according its source, can be classified as geminate or nongeminate. Geminate recombination refers to the recombination of charges generated
from the same excitons. It occurs when the charge transfer exciton binding energy
cannot be overcome. Non-geminate recombination refers to the recombination of free
charges generated from diﬀerent excitons. It occurs as a result of poor charge mobility
often due to poor device morphology [17, 18, 19].
1.2.4. Materials for D:A BHJs. The idea behind D:A BHJs is to combine semiconductor materials with diﬀerent charge carrier properties in such a way that the
exciton binding energy is overcome. It is well known that a major interpenetration
15

between D and A materials favor the exciton dissociation. In turn, the D/A interpenetration depends on the ionization potential (IP) and electron aﬃnity (EA) of D and A,
respectively. Thus, it depends on the frontier molecular orbital energy levels of D and
A [20].
A suitable D/A pair should follow the energy diagram shown in Figure 1.2.3.
HOMO and LUMO stand for the highest occupied molecular orbital and the lowest unoccupied molecular orbital, respectively. Egap represents the energy diﬀerence between
HOMO and LUMO of D and A, respectively. Analogously,

H and

L represents the

energy diﬀerence between HOMOs and LUMOs, respectively.

Figure 1.2.3. HOMO and LUMO energy levels for a suitable D/A pair for D:A
BHJs. All the energies are relative to the vacuum level, VL.

Conjugated polymers with hole transport properties tend to be used as D materials.
Fullerene derivatives with electron transport properties tend to be used as A materials.
The combination of polymers and fullerene derivatives as blends for D:A BHJs is widely
used [21, 22]. Examples of electron donating materials are poly(phenylenevinylene)
(PPV), poly(3-hexylthiophene) (P3HT) and poly(3-octylthiophene)(P3OT). Examples
of electron accepting materials are [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
[23], methano indene fullerenes (MIFs) and silylmethyl[60]fullerenes (SIMEFs) [24].
It is believed that the eﬃciency of D:A BHJs may be further improved by modifying the materials properties, such as dielectric constant and polarizability, leading
to the so-called next generation organic photovoltaic materials [24]. Koster et al. [9]
demonstrated that a high dielectric constant reduces 1) the binding energy of local and
charge transfer excitons, 2) geminate recombination, 3) bimolecular and trap-assisted
recombination, and 4) space-charge eﬀects.
A strategy to improve photovoltaic material properties is by adding polarizable
fragments to conventional materials [24]. For example, the poly [[4,8-bis[(2-ethylhexyl)
oxy]benzo [1,2-b’:4,5-b]dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno
[3,4-b] thiophenediyl]], more commonly known as PTB7, broadly absorbs into the near
infra-red. When PTB7 is thiophene (Th) functionalized, leading to PTB7-Th, its
absorption is red-shifted [25]. Conventional fullerene derivatives may be also functionalized in such a way that their performance is improved. For instance, the inclusion of
16

triethylene glycol (TEG) chains in the fulleropyrrolidine (PP) may increase its dielectric
constant. That is the case of PTEG-1 (with one TEG chain) and PTEG-2 (with two
TEG chains) [26] which have higher dielectric constant than PP (and PCBM) [27].
Another strategy to increase the dielectric constant of photovoltaic materials is
by alternating D and A units in the conjugated backbone, leading to the D-A-type
materials. For example, the combination of the benzo[1,2-b:4,5-b’]dithiophene (BDT),
as D unit, and the thieno[3,4-b]thiophene (TT) or benzo[2,1,3]thiodazole (BT), as A
units, leads to PBDTTT or PBnDT-DTBT polymers, respectively, which have large
induced dipole moments [28, 29]. Of course, this strategy, to increase the conjugation
length and charge mobility, may be applied to other materials.
Although fullerene derivatives are traditionally used for D:A BHJs, other materials
with favored absorption properties may also be used. For instance, the combination of
a small molecular acceptor (SMA) with a strong donating polymer may give rise to a
eﬃcient D:A BHJ. That is the case of the PTFB:ITIC blend whose PCE (10.9 %) far
exceeds the one of conventional BHJs (~3 %) [30].
There is a large list of photovoltaic materials, which indicates that material properties have not been systematically controlled, consequently, device architectures have
neither. Figure 1.2.4 shows a few materials with applications to D:A BHJs.
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Figure 1.2.4. Chemical structures of materials with potential applications to OPVs.

1.2.5. Challenges. In BHJs there are two major challenges to overcome. These
are the CT exciton dissociation and the device morphology. The former is crucially
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important for the discussion of the next Chapters, while the latter is out of scope of this
thesis (for further details on the device morphology see, for example, [31, 32, 33, 34]).
It has been widely reported that the CT exciton dissociation in D:A BHJs is very
complex. It depends on the intrinsic properties of the D and A materials, their interpenetration at the D/A interface, nature of the CT exciton (singlet or triplet), among
other factors, for which the ECT -b remains as a parameter to be optimized [35, 36,
37, 38].
In the study of the electron transfer process that operate in D:A BHJs, there is
still a need for much better understanding of such processes at the molecular level.
In this context, the use of theoretical and computational chemistry has been quite
valuable. The theoretical work of Bredas et al. [10] explains very well that the CT
exciton dissociation cannot be simply determined from the material properties only. It
suggests a balance between the material properties and the device architecture.
Kippelen and Bredas [39] demonstrated that even in fully optimized D:A BHJs, internal conversion, electron transfer and charge separation processes compete with each
other. This led to the conclusion that the exciton dissociation occurs via excited (hot)
levels. Any computational methodology used in the modelling of CT and CS states,
must provide a reliable quantum description of the excited states, as also suggested by
Barbara et al. [40].
Few et al. [41] proved that the molecular electronic structure of photovoltaic
materials may have a large impact on the ECT -b . Such a conclusion was drawn from
a comparative study on functionalized polythiophenes blended to PCBM. Calculated
absorption spectra, using time dependent density functional theory (TD-DFT), showed
that hole delocalization in high electronically excited CT states can result in a decreased
ECT -b . This also supports the hypothesis that CT dissociation occurs via hot levels.
de Gier et al. [42, 43] derived, from first principles theory and modelling, a strategy
to improve the CT exciton dissociation. That is, the inclusion of side chains with
dipole moments on conventional photovoltaic materials. An example of these materials
are the TEG functionalized oligothiophenes and the novel PCBM derivative, namely
PCBDN. Electronic state diagrams for the charge formation in D:A BHJs predicted the
influence of the environment on the charge migration and charge separation processes.
The challenge remains in setting the experimental conditions for the installation of
permanent dipole moments in suitable chemical structures.
The theoretical and experimental work of Grey [44] proposes the light absorption
strength technique as a strategy to generate more competitive semiconductors for
D:A BHJs. This strategy is under the premise that light absorption strength, unlike
the HOMO-LUMO modulation, does not depend on the polymer conjugation length.
As an application, the thieno[3,2-b] thiophene-diketopyrrolopyrrole, namely DPPTTT,
which absorbs in the near infrared, and has good charge mobilities.
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It is clear that the CT dissociation imposes a high-quality level of experiment
(spectroscopy) and theory (description of dielectric and excited state properties). Thus,
further eﬀorts on combining experiment and theory together with feasible computations
are required.
1.3. Eﬃciency Losses in Optoelectronics: Radiationless Decay Mechanisms
Molecules with favored luminescence properties are also appealing for optoelectronic
devices fabrication. Among these, ⇡-conjugated polymers whose luminescence properties vary in solution and the solid state, are particularly interesting [45].
The reasons for molecules with emissive/non-emissive character are still unclear,
since many principles operate in their photophysics. It is believed that the luminescence
properties are largely preserved when internal conversion processes are avoided. The
latter can be controlled through restricted access to conical intersections (CoIn). It
is also accepted that competing non-radiative processes (by intramolecular and intermolecular vibronic interactions) and excited state diﬀusion may tune the luminescence
properties of the material [46].
The prediction of non-radiative channels in optoelectronic materials is a key factor
to improve the eﬃciency of the corresponding optoelectronic applications. As illustrative examples, herein, two theoretical studies on the photophysics of materials with
applications to organic energy technologies are briefly reviewed.
Experimental works suggest that the indoline unit may be used as D molecule
for D/A dye-synthesized solar cells (DSSCs), as those shown in Figure 1.3.1 [47, 48].
However, these indoline dyes may exhibit a low PCE. Absorption and emission experiments have determined very short excited state lifetimes of the indoline D unit. The
reasons for this have been given in the theoretical work of El-Zohry et al. [49]. There
a study, from first principles theory, on the photodynamics of the indoline family in
question, the D102, D131 and D149 dyes depicted in Figure 1.3.1, is presented. A
highly accurate scan of the excited state potential energy surface (PES) revealed the
presence of a non-radiative decay channel in the indoline donor unit. Such a channel
competes with the charge generation process and a decreased PCE is obtained. It is
expected that by blocking this activation channel the PCE increases.
Molecules as those shown in Figure 1.3.2 have been considered for molecular rotor
applications. The reason for this is due to the ease with which a double bond isomerisation motion takes place. Malononitrile derivatives such as the indan-1-ylidine malononitrile (IM) and fluoren-9-yilidene malononitrile (FM) are ruled by a non-radiative
decay process. This inference was drawn by Estrada et al. [50] on the basis of their
study of the photophysics of IM and FM molecules through absorption spectroscopy
and ab initio quantum mechanics. In this work, the existence of a non-radiative decay
channel via a CoIn between the ground and excited state PESs is demonstrated. The
optical properties of these conjugated systems may be further improved when they
19

are covalently attached to electron acceptor molecules such as the tetrathiafulvalene
[51, 52].
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Figure 1.3.1. Chemical structures of the indoline derived donor dyes D. R represents the A unit which is linked to the D unit through the vinyl bond.
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Figure 1.3.2. Chemical structures of malononitriles based compounds.

Radiationless paths may be found in other conjugated molecules. If they are predicted, then there is hope to control their luminescence properties. For instance, the
photophysical properties of the distyrylbenzene (DSB) derivatives seem to be sensitive
to the medium. There are examples of DSB molecules that are non-emissive in solution
but highly emissive in the solid state [53, 54, 55]. Substitution in the phenyl units of
the DSB, by alkoxy, alkyl, and CN groups has a modest impact on the absorption and
luminescence properties in solution [56, 57, 58]. However, cyano-substitutions in the
vinyl unit of DSB, leading to the so-called DSB cyano substituted (DCS) compounds
(see Figure 1.3.3), have a large impact on the luminescence properties in solution [59].
It has been found that the fluorescence quantum yields of DCS molecules are significantly lower than their DSB analogues in solution [59]. Fortunately, these properties
may be largely recovered in the solid state [54].
As demonstrated for the indoline and malononitrile derivative molecules, a detailed exploration of the photophysics requires the combination of both spectroscopy
and highly accurate electronic structure methods. For DCS molecules, being relative
large and highly conjugated, the application of ab initio quantum mechanic methods
supposes a big challenge. Thus, computational strategies are expected.
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CHAPTER 2

Objectives
2.1. General Objective
This project aims to design theoretically new optoelectronic materials with applications
to organic photovoltaics (OPVs). However, as the local and charge transfer exciton
dissociation in OPVs are not easy nor well understood, such a design is not straightforward. It demands a deep understanding of the microscopic processes that underly the
photovoltaic operation at large scale, for which hybrid quantum mechanical/molecular
mechanics (QM/MM) computational approaches are suitable.
In this thesis, the optoelectronic processes that take place in OPVs are studied
theoretically and computationally, in attempts to derive materials with good charge
transport properties. Following the introduction in Chapter 1, the specific research
objectives are described here, ranging from the technical implementations to the applications.
2.2. Specific Objectives
In the framework of large scale modelling of the photo-excitation processes in OPVs,
the excited state properties of donor:acceptor bulk heterojunctions (D:A BHJs) are
studied by using a multilevel QM/MM scheme. Within this scheme, a given D:A BHJ
is divided into QM and MM regions. The QM region, which comprises a D/A pair,
is treated at the DFT or TD-DFT level. The MM region, which accounts for the
QM surroundings, is described by the polarizable discrete reaction field (DRF) method.
QM/MM calculations were performed with the Amsterdam Density Functional (ADF)
modelling suite.
Further improvements on the implementation of DRF in ADF, motivated the following specific objectives:
• Implement, as an extension, new functionalities of DRF into ADF (work
in collaboration with Software for Chemistry & Materials (SCM) company,
Amsterdam, The Netherlands):
– Automate DRF inputs via the graphical user interface (GUI): Set and
integrate default DRF parameters (atomic charges and atomic polarizabilities)
– Create a python script for user-flexible DRF inputs: Link the python
library for automating molecular simulation (PLAMS) to ADF.
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• Study charge transfer and charge separation processes in large systems, for
which DFT and TD-DFT in combination with DRF are used (work in collabo-

ration with the Theoretical Chemistry group of the University of Groningen in
association with the FOM Focus Group Groningen Next Generation Organic
Photovoltaics, Groningen, The Netherlands):
– Estimate relevant photovoltaic properties like the charge transfer exciton
binding energy for interesting systems consisting of polymer:fullerene
derivative BHJs
– Predict how the electron transfer processes of polymer:fullerene derivative BHJs are limited by the device morphology
– Determine the influence of the environment in the charge generation
process for polymer:fullerene derivative BHJs.
The photophysical properties of optoelectronic materials are also a subject of this thesis. TD-DFT mostly fails in the exploration of excited state potential energy surfaces
(PESs) for which highly accurate electronic structure methods, such as multiconfigurational approaches, are required. As a result of the unfavorable scaling of these methods, the routine study of conventional photovoltaic materials is impractical. Instead,
the luminescence properties of relatively small optoelectronic materials are studied.
Specifically, the cyano-substituted distyrylbenzene (DCS) family, which comprises 33
compounds, is studied. This motivated the following specific objectives:
• Explore the PES of representative DCS molecules by using both TD-DFT
and CASPT2/CASSCF approaches (work in collaboration with the quantum

chemistry excited state group of the University of Valencia in association with
the Madrid Institute for Advanced Studies (IMDEA), Madrid, Spain):
– Determine the molecular basis for non-radiative mechanisms of optoelectronic materials
– Correlate predicted non-radiative mechanisms to experimental observables, fluorescence quantum yields and decay rates, in order to find
rules for emissive/non-emissive behavior
– Define simplified computational strategies to explore PES in highly conjugated systems.
This thesis uses research methodologies that can be broadly applied to systems where
excited states are of interest. Beyond the scope of this thesis, there is room for
improvement concerning code and method developments. For instance, calculations
derived from a potential implementation of ground state and excited DRF/QM energy
gradients into ADF would complement the analysis presented here. The use of the
non-orthogonal configuration interaction method (NOCI) for large systems may give
further insights into the electron transfer processes. These two issues are covered as
outlook for future theoretical studies.
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CHAPTER 3

Electronic Structure Methods
3.1. Overview
Quantum chemistry, as an application of quantum mechanics to chemical compounds,
studies the electronic structure of atoms and molecules. It is suitable to predict and
describe chemical and physical properties in electronic ground and excited states, and
interpret experiments.
The non-relativistic time independent Schrödinger equation for electrons and nuclei
in isolated molecules [1], given in equation 3.1.1, is central to most (time independent)
applications of both quantum mechanics and quantum chemistry methods
(3.1.1)

H =E ,

where H represents the Hamiltonian of the system, accounting for the potential and
kinetic energy of the system, and

represents the wave function which contains all

the information of the system. In a compact form H is given by1
(3.1.2)

H = Tn + Te + Vne + Vee + Vnn

where Tn and Te represent the nuclear and electron kinetic energy operators, Vne , Vee ,
and Vnn represent the nuclear-electron, the electron-electron, and the nucleus-nucleus
potential energy operators, respectively. When using atomic units, H becomes
(3.1.3) H = -

1 X 2 1 X 2 X X ZA X X ZA ZB X X 1
rA ri +
+
2mA
2
rAi
RAB
rij
A

i

A

i

A B>A

i

j>i

where mA and ZA are the mass and charge of nucleus A, respectively, RAB is the
distance between nuclei A and B, rAi is the distance between nucleus A and electron
i, and rij is the distance between electrons i and j.
Due to the mathematical complexity of the Schrödinger equation (equation 3.1.1)
no analytical solutions can be obtained in most of the systems of interest. Fortunately,
approximations can be used. An essential and first of these is the Born–Oppenheimer
(BO) approximation, also known as the adiabatic approximation [2], where the coupling
between the nuclear and electronic motion is neglected or treated in a very approximate
1H might also include other terms referring for instance to electric or magnetic fields.
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manner. Justification for this approximation is the diﬀerence between nuclear and
electron masses. Nuclei are much heavier than electrons, and move slowly compared
to any electronic motion. This leads to a Schrödinger equation that depends on all
electronic coordinates and on the nuclear positions, with the latter as parameters. If
the electronic Schrödinger equation is solved for a set of nuclear coordinates, it results
in the potential energy surface (PES) or adiabatic surface, which in turn is used to
determine equilibrium structures and reaction paths.
An accurate description of a many-electron system is very complex, and consequently requires approximations. The BO approximation is a common starting point
for a wide range of computational quantum chemistry methods, from semi-empirical
to ab initio methods.
Semi-empirical models use a simplified form of the Hamiltonian, where electronelectron repulsion terms are completely omitted or approximated by empirical parameters, in such a way as to approximate solutions to the Schrödinger equation. In contrast,
ab initio methods (latin: from the beginning) explicitly compute all the terms of the
Hamiltonian, using as input only physical constants, to solve the Schrödinger equation. There are also electron density based methods that use parametrized exchangecorrelation functionals in the Hamiltonian to solve the Schrödinger equation. Such
methods if well calibrated lead to results comparable in accuracy to ab initio wave
function based methods with less computational eﬀort.
In this thesis diﬀerent ab initio and density functional theory (DFT) methods are
used. A brief introduction to the theoretical and computational methodologies is given.
More details on the used formalisms can be found elsewhere [3, 4, 5, 6, 7]. Firstly,
the principles of the Hartree-Fock method, as the basis of ab initio wave function
methods, are introduced. Secondly, post Hartree-Fock and perturbation theory based
methods are described. Thirdly, DFT based methods within the Kohn-Sham framework
are presented. Next, the linear-response time-dependent DFT (TD-DFT) formulation
is summarized. A short description is presented on two embedding models to treat
large-size molecular systems: the polarizable continuum model (PCM) and the discrete
reaction field (DRF). Finally, the application of the methods to describe non-adiabatic
processes and determination of conical intersections is discussed.
3.2. Hartree-Fock Theory and Electron Correlation Methods
3.2.1. Hartree-Fock Theory. Approximate solutions to the electronic Schrödinger equation may be found by using the variational principle. This principle states
that the energy expectation value of a wave function is always above or equal to the
exact energy2 (the equality holds if and only if the wave function is the exact ground
state function). In variation theory a trial wave function is optimized in such a way to
minimize its energy
2The wave function has to obey the physical boundary conditions of the system.
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(3.2.1)

E=

D

Ĥ
h | i

E

where h | i = 1 when the wave function is normalized.3

A key feature of any (trial) wave function is that it must satisfy the Pauli principle.

The wave function must be anti-symmetric under exchange of the coordinates of any
two electrons, as electrons are indistinguishable fermions. This feature is ensured by
an anti-symmetrized product of one-electron functions, called spinorbitals, which is
conveniently achieved through a Slater determinant (SD) [8].
A spinorbital,

(x) = '(r) (s), is formed by the product of a spatial orbital and a

spin function. Each spatial orbital can be occupied with two electrons of opposite spin;
either ↵ (spin up) or

(spin down). In SDs there are N spinorbitals if there are N

electrons in the system. The spinorbitals,

1,

2,

3,

...

N,

vary over the columns,

and the electron indices, x1 , x2 , x3 , ...xN , vary over the rows. The SD, in a compact
notation, is written as
1
(x1 , x2 , x3 ..., xN ) = p |
N!

(3.2.2)

1 (x1 )

2 (x2 )

3 (x3 )...

N (xN )| .

In Hartree-Fock (HF) theory, the total wave function is given by a single configuration which in turn is determined by a SD [9]. If the spatial components of the
spinorbitals are restricted to be the same, then, the wave function is known as restricted
HF (RHF; usually applied to closed-shell systems). If there is no restrictions on the
spatial components of the spinorbitals, then, the wave function is known as unrestricted
HF (UHF, usually applied to open-shell systems).
The best set of spinorbitals for a wave function is found by solving an eﬀective
one-electron Schrödinger equation in an iterative procedure until energy convergence.
In HF theory is assumed that any one electron moves in a eﬀective potential due to all
the other electrons and nuclei. The HF equations are given by
(3.2.3)

f̂[{

(3.2.4)

f̂[{

j }](1)

j }](1)

i (1)

= ĥ(1) +

= ✏i

N
X

i (1)

[Jˆj (1) - K̂j (1)]

j=1

where f̂[{

is the one-electron Fock operator generated by the electron in orbitals
ˆ
j , ĥ(1) is the one-electron core Hamiltonian, Jj (1) is the Coulomb operator (the
j }](1)

electron-electron repulsion energy) and K̂j (1) is the exchange operator (as a consequence of the Pauli principle with no classical analogue). Jˆj and K̂j operators read
3Here and throughout this Chapter, Dirac notation is used.

31

(3.2.5)

Jˆj |

i (1)i

=h

j (2)

1
r12

j (2)i |

i (1)i

(3.2.6)

K̂j |

i (1)i

=h

j (2)

1
r12

i (2)i |

j (1)i

.

Analytical solutions to the HF problem for one-electron atoms are known. In
contrast, analytical solutions to the HF problem for many-electron atoms are not known.
Atomic orbitals are commonly used as initial functions to build the wave function and
find numerical solutions. Linear combinations of atomic orbitals lead to molecular
orbitals (MOs) that may be used as initial functions for many-electron molecules.
Introducing a basis set to express the unknown MOs,

i,

in terms of a set of

known atomic orbitals, , transforms the HF equations into the Roothaan equations
[10]. The latter lead to a much simpler linear algebra equation for which

(3.2.7)

i

=

basis
X

C↵i

↵

↵

(3.2.8)

fi =

basis
X

C↵i

↵

= ✏i

↵

basis
X

C↵i

↵.

↵

Multiplying from the left by a specific basis function and integrating yields the
Roothaan equations in matrix form
(3.2.9)

FC = SC✏

where F is the Fock matrix containing the elements F↵ = h ↵ |f| i, S is the overlap
matrix containing the elements S↵ = h ↵ | i, C is the matrix of coeﬃcients (where
each column of C represents a molecular orbital) and ✏ is a diagonal matrix of orbital
energies ✏i .
Equation 3.2.9 is a pseudo-eigenvalue equation, since it is nonlinear and F depends
on its own solution, through the orbitals, for which it must be found iteratively in a
self-consistent field (SCF) procedure. The SCF procedure to determine the eigenvalues
of the Fock matrix is as follows [6]:
• Specify the many-electron atom or molecule, basis functions and electronic
state of interest

• Form the overlap matrix, S

• Guess the initial MO coeﬃcients C
• Form the Fock matrix F
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• Solve FC = SC✏

• Use the new MO coeﬃcients C to build a new Fock matrix F

• Solve FC = SC✏ until C or energy no longer changes from one iteration to
the next.

3.2.2. Multi-Determinant Methods and Electron Correlation. HF theory uses
a wave function representing a single configuration which implies that it only accounts
for the average electron–electron interactions. Consequently, HF theory neglects the
correlation energy between electrons,4 which is in practice handy but it is quite approximated.
Methods that include electron correlation require a multiconfigurational wave function. The configuration interaction (CI) method [11] is the simplest multiconfigurational method, and is based on the variational principle analogous to the HF method.
In the CI method the wave function is written as a spin and a symmetry-adapted linear
combination of SDs which is known as configurational state functions (CSFs) [5]. The
expansion coeﬃcients of the CSFs are determined by requiring that the energy should
be a minimum (or at least stationary). The MOs used for building the excited CSFs
are usually taken from a HF calculation and kept fixed
(3.2.10)

CI

=

X

CCI
i

i

= CCI
0

HF +

i=0

X

CCI
S

S

S+

X

CCI
D

D+

D

X

CCI
T

T

+ ...

T

where S, D, T , etc., indicate CSFs that are singly, doubly, triply, etc., excited relative
to the HF configuration.
Substituting the CI wave function (equation 3.2.10) in equation 3.1.1 leads to
(3.2.11)

h

CI

|H|

CI i

=

XX
i-0 j=0

CI
CCI
i Cj h

i

|H|

ji .

When using orthogonal MOs as produced in a HF calculation, the overlap matrix
containing the elements Sij = h i | j i = 0 if i 6= j otherwise Sij = 1 and the CI
equations turn to secular equations of the form, HCCI = CCI E
0
(3.2.12)
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The CI ground state energy is obtained as the lowest eigenvalue of the CI matrix,
and the corresponding eigenvector contains the CCI
coeﬃcients in front of the CSFs
i
4The correlation energy is the diﬀerence between the HF energy and the exact non-relativistic energy.
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in the equation 3.2.10. The second lowest eigenvalue approximates the energy of the
first excited state and so on.
The excited CSFs are generated by removing electrons from occupied orbitals of
the HF reference wave function, and placing them in virtual orbitals. The number of
excited CSFs in a full CI procedure is therefore a combinatorial problem, that increases
factorially with the number of electrons and basis functions. Such large numbers of
CSFs make full CI only possible for atoms or very small molecules.
In order to develop a computationally tractable model, the number of excited
determinants in the CI expansion must be reduced, which at the same time introduces
the size extensivity problem. A method is size extensive if it properly (linearly) scales
with the number of electrons [12]. All forms of truncated CI methods lack of size
extensivity, which give rise to diﬀerent accuracy levels depending on the size of the
system.
One way to deal with the size extensivity is by using coupled cluster (CC) methods
(that are non-variational but size extensive). In such methods the wave function is
written as an exponential ansatz | CC i = eT | 0 i where T is the cluster operator that
expands over single, double, triple ... and N electron excitations. Details on the CC

formalism are omitted since it was not used in this work, nevertheless, the reader is
referred to [13, 14].
The correlated methods described up to this point are known as single reference
methods. They are based on the HF reference wave function which represents only one
electronic configuration. However, this approach is not conceptually valid in situations
in which more than one configuration is important in the state of interest, such as
bond dissociations, excited states and regions of crossing between states. In these
cases, multi-configuration self-consistent field (MCSCF) methods [15], are alternative
electron correlation approaches. There, the wave function is written as CSFs, as in the
CI method, and where the coeﬃcients and the orbitals used for constructing the CSFs
are obtained by minimizing the energy of the MCSCF wave function [16]
(3.2.13)

MCSCF

=

X

CMCSCF
i

CSF
.
i

i=0

Since in MCSCF the coeﬃcients of both the CSFs and the basis functions in
the molecular orbitals are varied, the number of determinants or CSFs in the MCSCF
wave function that can be treated is usually smaller than for CI methods. MCSCF
methods are mainly used for generating a qualitatively correct wave function, recovering
the “static” part of the correlation. That is essentially the eﬀect of including neardegeneracy eﬀects (two or more configurations having almost the same energy) [7].
There are diﬀerent MCSCF approaches depending on how the CSFs in which the
MCSCF wave function is expanded, are selected. Selecting all possible CSFs from a
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given set of “active” orbitals leads to the complete active space self-consistent field
(CASSCF) method [17], which implies a full CI expansion within an active space expanded by active orbitals. Typically, the active orbitals are a few of the highest occupied
MOs and a few of the lowest unoccupied MOs from a HF calculation. Conventionally,
the CASSCF(n, m) notation is used, representing n electrons distributed in all possible manners in m active orbitals. The remaining orbitals are set into inactive and secondary spaces. The inactive space is composed of the lowest energy orbitals set, from
inner doubly occupied shells. The secondary space is composed of a very high energy
orbitals, from virtual orbitals.
The size of the CI-expansion is the bottleneck of CASSCF procedures, especially
when the active space is significantly large (over 20 active orbitals). An intermediate
solution to the CASSCF procedure, with a qualitatively similar wave function, is the
restricted active space self-consistent field (RASSCF) method [18]. There, the inactive
and secondary spaces have the same features as for CASSCF while the active space is
divided into three subspaces, RAS1, RAS2 and RAS3, each having restrictions on the
occupation numbers allowed.
The RAS2 space, analogously to the active space of CASSCF, has configurations
generated by a full CI. Additional configurations to those within RAS2 space may be
generated by allowing excitations from the RAS1 to either the RAS2 or the RAS3
space and from RAS2 to RAS3. RAS1 orbitals are doubly occupied except for a
maximum number of holes allowed. Meanwhile, RAS3 orbitals are unoccupied except
for a maximum number of electrons allowed. Typically, two holes and electrons are
allowed in RAS1 and RAS3, respectively.
MCSCF should be considered as an extension of the HF method for cases with
near-degeneracy between diﬀerent electronic configurations. MCSCF in general is not
capable of recovering more than a fraction of the correlation energy. It does not account
for the dynamic correlation associated with the “instant” correlation between electrons
such as between those occupying the same orbital [18]. Therefore, it becomes necessary
to supplement the MCSCF treatment with a calculation of dynamic correlation eﬀects.
A MCSCF wave function may be chosen as the reference wave function for an
additional CI treatment leading to multi-reference configuration interaction methods
(MRCI) [19], which account for dynamic correlation eﬀects. Here, the number of CSFs
are determined by truncating excitations from the MCSCF wave function to single,
doubly, triply,..., leading to MRCIS, MRCISD, MRCISDT, respectively. The number of
CSFs becomes very large upon including more than single or double excitations in the
CI procedure, making the MRCI method computationally demanding.
On the other hand, there is a class of methods based on the perturbation theory
(PT) that deal with dynamic correlation eﬀects and provide accuracy at relatively
low computational cost as compared to other wave function methods. There, the
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correlation energy corrections, usually under the Møller–Plesset (MP) formulation [20],
are obtained from Rayleigh–Schrödinger (RS) perturbation theory [21, 22].
Within the framework of single reference wave functions and the MP formulation,
the unperturbed Hamiltonian is a sum over the one-electron Fock operators of the HF
P
method, H0 =
f̂(i), and the perturbed Hamiltonian is H(1) = H - H0 , where H is

the electronic Hamiltonian. The zero order energy plus the first order energy correction
yields the HF energy. In this way, the electron correlation is introduced from the second
order energy correction.
Second order MP formulation can be also applied to CASSCF or RASSCF wave
functions [17] leading to the complete active space second order perturbation theory
(CASPT2) or the restricted active space second order perturbation theory (RASPT2)
wave functions, respectively [23, 24]. In this formalism, both static and dynamic
electron correlation are taken into account.
The CASPT2 wave function is able to describe correctly many type of situations,
including ground and excited states of diﬀerent nature, dissociation limits and energy
degeneracies. Therefore, the energy and other wave function derived properties are obtained with a high accuracy. The CASPT2 formalism is nearly size-extensive, therefore
similar accuracy is obtained for systems with a distinct number of electrons [7].
The standard CASPT2 procedure suﬀers from some drawbacks. The first one
corresponds to the intruder states which interact with the reference CASSCF wave
function and may cause denominators close to zero (or singularities) in the equations
of the multireference PT. Two types of intruder states can be distinguished, stronglyinteracting and weakly-interacting intruder states.
Strongly-interacting intruder states correspond mainly to one interacting state as a
result of an incorrect selection of the active space in the CASSCF wave function. It can
be solved by locating relevant orbitals which are missing in the complete active space
(CAS) and adding them in such space. Weakly-interacting intruder states refer to a
large number of states, each one interacting weakly but overall they have a large eﬀect.
In this case a common technique to overcome this problem is using an imaginary shift
which allows to solve the CASPT2 equations without having zero denominators [25].
The second drawback in CASPT2 is due to the fact that CASPT2 wave functions
are not orthogonal. This implies an incorrect description of the interaction between
the electronic states. To solve it, the multistate (MS)-CASPT2 alternative has been
proposed [26]. Here, an eﬀective matrix is created using the CASPT2 wave functions,
where the diagonal terms correspond to the CASPT2 energies and the oﬀ-diagonal
terms are the couplings between the wave functions of diﬀerent states. Such a matrix
is firstly symmetrized and then diagonalized to obtain the new MS-CASPT2 wave
functions and energies.
The third drawback appears when comparing energies of closed-shell and openshell systems especially in the case of ionization potentials (IP) and electron aﬃnities
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(EA). In such cases, CASPT2 overestimates the correlation energy of the open-shell
systems resulting in systematic shifts of the IPs and EAs [27]. In order to correct these
systematic errors, a modified zeroth-order Hamiltonian may be used. Here, an IPEA
shift (IP stands for the ionization potential and EA stands for the electron aﬃnity) is
included, which modifies the energies of active orbitals such that they become closer
to ionization energies when excited from and closer to electron aﬃnities when excited
out of [28, 27]. While this shift has been demonstrated to be valid for IP and EA
determinations [29], for excited states its validation is not clear [28].
3.3. Density Functional Theory
In contrast to wave function based electronic structure methods, DFT methods are
density based ones. Next, the basis of DFT is introduced. DFT relies on the BO
approximation and the Hohenberg-Kohn (HK) existence and variational theorems.
Let us consider a many-electron system for which the interaction between nuclei
and electrons is given by the potential energy5 of an electronic Hamiltonian. The first
HK theorem asserts that the non-degenerate ground state energy, E, and all other
ground state properties of a system are determined only by the electron density, ⇢(r)
[30].
In other words, the energy of a system, of N-electrons moving under the influence
of an external potential, vext , is determined only by the electron density, ⇢(r) [30].
P
2
Moreover, vext is an unique functional, F,6 of ⇢(r) (⇢(r) = N
i onei=1 | i | , with
electron functions), for which

Z

(3.3.1)

E[⇢(r)] = ⇢(r)vext (r)dr + F[⇢(r)].

The second HK theorem shows that the ground state energy can be obtained
variationally by searching the density that minimizes the total energy. Each electron
density ⇢(r) is the ground state density of at most one external potential, which is
uniquely determined up to an additive constant c. A density that arises from a external
potential is called a v-representable density. For a trial density, ⇢ 0 (r), the energy
functional E[⇢ 0 (r)], cannot be less than the true ground state energy [31], thus,
0

(3.3.2)

E0 [⇢ (r)] > E0 [⇢(r)]
0

0

where ⇢ (r)] arises from vext (r).
The electron density has some advantages over the wave function. For instance,
the electron density is a physical characteristic of all atoms and molecules, unlike the
5Within the DFT framework the potential energy is referred to as the external potential.
6A functional is defined as a function of a function, i.e. the energy is a functional of the electron

density.
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wave function which is not an observable. Furthermore, the electron density, that is
the probability of finding an electron at position r1 , only depends on three spatial
coordinates
(3.3.3)

Z

Z

⇢(r1 ) = N ... | (r1 , ..., rN )|2 dx2 dx3 ...dxN ,

where the integral over all space of the electron density sums up to the total number
of electron present in the system.
It turns out that the electron density greatly simplifies the complexity of the wave
function, which is a 3N variables function. The “only” problem is that although it has
been proven that each diﬀerent ⌫-representability density yields a diﬀerent ground state
energy, the functional connecting these two quantities is not known [4, 32, 33, 34, 35].

3.3.1. Kohn-Sham Equations. Although the HK theorems are formally accurate,
in practice they cannot be used to compute the ground state density. Fortunately, the
existence of a hypothetical reference system of non-interacting electrons that generates
the same density as a system of interacting electrons, as suggested by Kohn and Sham
(KS), makes DFT applicable. Within the KS formalism, the wave function of the
fictitious system is represented by a SD obtained from an auxiliary set of orbitals, also
known as KS orbitals [36].
The energy functional E[⇢], is expressed as the sum of three parts, kinetic energy (T [⇢]), attraction between the nuclei and electrons (Ene [⇢]) and electron-electron
repulsion (Eee [⇢]); the nuclear–nuclear repulsion is a constant within the BO approximation, as in the HF theory [2, 36, 37]. The key of the KS formalism is to calculate the
kinetic energy T [⇢] under the assumption of non-interacting electrons. T [⇢] is further
divided into two parts, one which can be calculated exactly, and another that is a small
correction term. The former is known as the kinetic energy functional TS [⇢] and reads

(3.3.4)

TS [⇢] =

N ⌧
X
i

i

1
- r2
2

i

.

In reality, the electrons are interacting, thus, TS [⇢] does not provide the total kinetic
energy. However, the diﬀerence between the exact kinetic energy and the KS kinetic
energy is small. The remaining kinetic energy is absorbed into the exchange–correlation
(XC) term, and a general DFT energy expression can be written as
(3.3.5)

E[⇢] = TS [⇢] + Ene [⇢] + J[⇢] + Exc [⇢]

where the Eee [⇢] term has been divided into Coulomb and exchange parts, J(⇢) and
K(⇢), and the Exc [⇢] term is defined as
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(3.3.6)

Exc [⇢] = (T [⇢] - TS [⇢]) + (Eee [⇢] - J[⇢])

where the first parenthesis in equation 3.3.6 is the kinetic correlation energy, and the
last parenthesis accounts for both correlation and exchange energies [38].
3.3.1.1. Exchange-Correlation Functionals. Diﬀerent approximations to the XC
functional, equation 3.3.6, lead to diﬀerent DFT methods [39, 40, 41]. The simplest
XC functionals are based on the local density approximation (LDA) [30, 42], where it
is assumed that the energy density depends solely upon its electron density value at
each point in space, as an uniform electron gas.
Improvements over the LDA must consider a non-uniform electron gas model [43].
A step in this direction is to make the XC functionals dependent not only on the electron
density but also on its derivatives [41]. An example of improved LDA is the generalized
gradient approximation (GGA), where additionally to the LDA part, the gradient of the
density is also included in the XC functional [43, 44].
The logical extension of GGA methods is to allow the XC functionals to depend
on higher order derivatives of the electron density, with the Laplacian (r2 ⇢) being the
second-order term, leading to the so-called meta-GGA functionals [45]. Alternatively,
the functional may be taken to depend on the orbital kinetic energy density which is
numerically more stable than the calculation of the Laplacian of the density [46, 44].
There is a group of functionals that incorporate a part of exact exchange from HF
theory in the XC functional, known as hybrid functionals. Here, the exact exchange
energy functional is expressed in terms of the KS orbitals rather than the density.
The inclusion of the exact HF exchange generally improves the calculated properties,
although its success also depends on the property and system of interest [47].
There is also a class of functionals with range separation parameters known as
long-range corrected (LC) hybrid functionals [48]. Most LC functionals employ the
HF exchange for long-range electron–electron interactions, and pure DFT for shortrange electron–electron interactions. This is accomplished by a partition of unity,
using erf(!r)/r for long-range and erfc(!r)/r for short-range, with the parameter !
controlling the partitioning of the interelectronic distance r [49].
3.4. Time Dependent Density Functional Theory
TD-DFT being the time dependent extension of DFT, shares its conceptual formulations. For instance, resembling the HK theorems, the Runge–Gross theorem [50] in
TD-DFT proves that, for a given initial wave function

0,

a given time-dependent

density ⇢(r, t) can arise from at most one time-dependent external potential ⌫ext (r, t)
(3.4.1)

⇢(r, t) = ⇢[vext ,

0 ](r, t)

() vext (r, t) = vext [⇢,

0 ](r, t).
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In TD-DFT the complicated many-body time dependent Schrödinger equation is
replaced by a set of time-dependent single-particle equations whose orbitals yield the
same time-dependent density ⇢(r, t). Furthermore, the time dependent KS equation,
is defined to describe N non-interacting electrons that evolve in ⌫s (r, t) but produce
the same ⇢(r, t) as that of the interacting system of interest, such as


(3.4.2)

-

r2
+ vKS
eff [⇢](r, t)
2

i (r, t)

=i

@
@t

i (r, t)

with the potential ⌫eff (r, t) = ⌫(t) + ⌫SCF (r, t) where ⌫(t) is an applied field (perturbation) turned on slowly in the distant past and ⌫SCF (r, t) the self-consistent field.
Although TD-DFT is a formally exact theory for molecular excited states [51], in
practice the nature of the exchange-correlation functional makes TD-DFT an approximate method which is assessed by numerical applications.
3.4.1. Linear Response of the Density Matrix. The most common application
of TD-DFT is the response to a weak long-wavelength optical field. For a system
initially in the ground state, the eﬀect of a perturbation introduced into the KS Hamiltonian by turning on an applied field ⌫(t) is, to first order
(3.4.3)

⌫eff (r, t) = ⌫(t) + ⌫SCF (r, t)

where ⌫SCF (r, t) is the linear response of the self-consistent field arising from the
change in the charge density given by (transforming to the frequency domain)
(3.4.4)

⇢(r, !) =

X

Pai (!)

⇤
i (r)

+

ai

X

Pia (!)

⇤
a (r)

ia

where Pst (!) is the linear response of KS density matrix in the basis of unperturbed
molecular orbitals. Here s, t represent general orbitals, i, j represent occupied orbitals
and a, b represent virtual orbitals (in practice, it is often preferable to write the dynamics of the TDKS systems in terms of the one-particle density matrix) [3].
In the framework of TD-DFT, the excitation energies are determined as poles of
the response functions, which can be determined as solutions to the non-Hermitian
eigenvalue problem
(3.4.5)

"

A

B

B

A

#"

X
Y

#

=!

"

1

0

0

-1

#"

X
Y

#

where Xai = Pai (!) and Yai = Pia (!). The matrices A and B are, Aai,bj =
ab ij (✏a

- ✏i ) + Kai,bj and Bai,bj = Kai,jb respectively, and K is the coupling

matrix. In the adiabatic representation K is independent of the frequency ! and it is
real when the molecular orbitals are real [51].
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This eigenvalue problem is of dimension 2N, with N = Nocc Nvirt , that can be
written as a non-Hermitian problem of half of the dimension
(3.4.6)

(A - B)(A + B) |X + Yi = !2 |X + Yi

where A+B and A-B do not commute. If A-B is positive definite, the non-Hermitian
problems can be turned in a Hermitian eigenvalue problem where the T matrix, from
which the excitation energies and oscillator strengths are obtained, is given by
T = (A - B)-1/2 |X + Yi .

(3.4.7)

The T matrix may become very large, thus, its direct diagonalization may be
unfeasible. In such cases, the Davidson method [52] may be used. This method,
originally used to diagonalize CI Hamiltonians, iteratively diagonalizes a subspace of
the T matrix instead of the whole matrix, and gives the first few lowest (or highest)
eigenvalues and oscillator strengths.
In summary, linear-response TD-DFT applies the adiabatic local density approximation for the dynamical exchange-correlation functional. Within such an approximation,
the time dependence of the the potential at any given time ignores the density memory
at all previous times. TD-DFT can be used if the external perturbation is small in the
sense that it does not destroy the ground state structure of the system. This is a great
advantage as, to first order, the variation of the system will depend only on the ground
state KS potential. Thus a TD-DFT linear response calculation involves two steps [3]:
• An approximate ground state DFT calculation is done and a self-consistent

KS potential found. Transitions from occupied to unoccupied KS orbitals
provide zero-order approximations to the optical excitations

• An approximate TD-DFT linear response calculation is done on the orbitals
of the ground state calculation. That corrects the KS transitions into the
optical transitions.

3.5. Embedding Models
3.5.1. Polarizable Continuum Model. The polarizable continuum model (PCM)
is a method for accounting the eﬀect of a solvent on a quantum system [53]. Here, the
solvent is modeled as a polarizable continuum rather than being treated as individual
molecules. Thus, the many body nature of the polarizable environment is neglected.
In PCM, the solute is enclosed to a van der Waals cavity created by overlapping
atomic spheres. Outside the solute cavity, the solvent is represented by its dielectric
constant. Within this framework, the description of the electrostatic potential depends
on the cavity/dispersion contributions based on the surface area [54].
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These features makes PCM a very cheap method, that in addition to its broad
applications (neutral or charged large systems), positions it as one of most popular
embedding models [55, 56].
3.5.2. Discrete Reaction Field Within the DFT Framework. The DRF method
is a polarizable molecular mechanics (MM) approach used in the simulation of molecular (response) properties under environment eﬀects [57, 58]. It can be coupled to any
QM method, although, in this thesis DRF is used in the DFT framework. Accordingly,
the DFT/DRF scheme describes a multilevel system in such a way that the active site
and its discrete surrounding are treated at DFT and DRF level of theory, respectively.
DRF simulates the environment as point charges and atomic polarizabilities. At all
these sites a dipole can be induced by the molecule in the so-called QM region. All
these induced dipoles interact with each other and work back on the QM region.
The total energy Etot [⇢](r), is given by [57]
(3.5.1)

Etot [⇢](r) = EQM [⇢](r) + EDRF/QM [⇢](r)

where EQM [⇢](r) is the DFT energy of the subsystem in the QM region and EDRF/QM [⇢](r)
is the interaction energy between the the subsystem in the QM region and its surrounding, the so called MM region, treated at DRF level.
The interaction energy EDRF/QM , is given by
(3.5.2)

EDRF/QM [⇢](r) = EVDW (r) + Epol [⇢](r)

where EVDW accounts for the dispersion and repulsion energy between the MM and
the QM subsystems and Epol [⇢](r) is the polarization energy (further details of the
DRF method will be provided in Chapter 4) [59, 60].
3.6. Conical Intersections: Beyond the BO Approximation
The BO approximation, where the nuclei move on a single PES, is fundamental in the
study of the chemical bonding and molecular dynamics. There are however, cases for
which the BO approximation fails. That is, there are processes for which the nuclei
move on more than one PES. Such processes are known as non-adiabatic, and to this
class belong charge transfer, electronic quenching, spin-forbidden reactions and other
photochemical reactions [61, 62, 63, 64].
For instance, non-adiabatic transitions result when the nuclei encounter a region
where two PESs are very close or degenerate and, the non-adiabatic couplings between
the PESs are non-vanishing. This allows the propagation of the wave function from
one adiabatic PES to the other. There are several types of surface intersections, from
which it is usual to distinguish two: glancing intersections (where the PES depend
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quadratically on the nuclear coordinates) and conical intersections (CoIns; where the
PESs depend linearly on the nuclear coordinates) [62].
CoIns have received considerable attention as they may be responsible for the
ultrafast decay of electronically excited states [63]. CoIns follow the constraint that
two diﬀerent energy functions should have the same energy for the same set of nuclear
coordinates. They are characterized by the so-called branching space, g - h, which is
the two-dimensional subspace in which the degeneracy is lifted. The branching space
is determined by the energy diﬀerence gradient vector (the g vector), and the nonadiabatic coupling vector between the two states (the h vector) [61]. The orthogonal
complement to the branching space, where the degeneracy is maintained, is known as
seam space and its dimensionality is the number of vibrational normal modes minus
two [61].
Locating a CoIn is a constrained geometry optimization problem (through either
Lagrange multipliers [65] or projected gradient techniques) involving the ground and
excited states and, the non-adiabatic coupling elements between such states. Determination of the vectors in the branching space provides the characteristics of the
CoIn, such as the shape (sloped, peaked), which in turns can be used to understand
the surface-hopping. The CoIn position only (without its characterization), as a first
approach, already gives relevant information on a particular photochemical problem.
Some algorithms use adiabatic PES to determine the so-called minimum energy crossing point (MECP) which corresponds to the structure of minimum energy in the seam
of degeneracy.
The accessibility to the CoIn is also a very important aspect to determine if a
radiationless decay channel is likely. An approximated approach to estimate the role of
the non-radiative mechanism consists of exploring the ground and excited state PESs.
The idea is to locate regions where the energy gap between the ground and excited
states becomes very small and inspect the energy barriers to reach such near-degeneracy
region.
Although DFT and TD-DFT are widely used to compute ground and excited state
properties, respectively, they fail to describe CoIns. Therefore, multiconfigurational
wave function based methods are probably the most appropriate to correctly treat CoIns
[66]. In particular, the CASSCF/CASPT2 method is very practical and can be applied
for systems of medium size. That is, a CASSCF wave function, correctly describing
multiconfigurational nature of the CoIn, is obtained and then is corrected by adding
the dynamic correlation via PT. This is valid if the CASPT2 wave function preserves
the degeneracy of the states. Otherwise, the protocol fails and CoIn geometries must
be also determined at the CASPT2 level.
Another aspect to take into account in the CoIn determinations with CASSCF/CASPT2 is the fact that in the single state version of the CASPT2 method, the wave
functions for the electronic states are not orthogonal. This can be overcome by using
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the MS-CASPT2 method [67]. However, it is not free of problems. When large enough
active spaces cannot be used, MS-CASPT2 might introduce unphysical results. The
single state version is here an approximation which has been proven in many occasions
to give qualitatively and semi-quantitatively correct photochemical descriptions [67].
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CHAPTER 4

Extended Implementation of the Discrete Reaction
Field Method in the Amsterdam Density Functional
Modelling Suite
4.1. Overview
Hybrid QM/MM methods are strongly recommended for the modelling of properties
where large model systems are crucially important but for which calculations with
pure QM methods are unfeasible. Next, the DRF MM method [1], in the QM/DRF
framework, is briefly described. DRF is a method used in the modelling of molecular
response properties under environment eﬀects [1]. Within the QM/DRF method, as
usual in multi-scale models, large systems are studied in the following way. A large
system is divided into two subsystems, QM and MM, comprising an active molecule
(or a few active molecules) and the discrete surrounding molecules, respectively. The
active and surrounding subsystems are treated at QM and MM levels, respectively.
With DRF, the discrete part is simulated by two parameters, point charges and atomic
polarizabilities, in such a way that it responds to the QM subsystem and that the
induced dipoles interact with each other in the MM subsystem and interact back with
the QM subsystem. The total energy is obtained as separate energy contributions from
the QM and MM subsystems in addition to the QM/MM interaction energy.
DRF parameters are usually obtained from quantum-mechanical calculations on
single molecules without (or with minimal) fitting to experimental results. In principle
any approach may be used to obtain the DRF parameters as long as it properly describes
the electrostatic potential, dispersion and polarization of the MM part. In addition,
any QM method can be coupled to DRF. In fact, DRF has been implemented in several
software packages such as HONDO [2], ZINDO [3], GAMESS-UK [4] and ADF [5].
In this Chapter the implementation of the DRF method into ADF 2017, is discussed. In previous releases, DRF input parameters had not been standardized, and
the applicability of DRF was limited. Motivated to overcome this limitation, a more
user friendly DRF method was implemented in ADF1 as an extension. Focus was on the
improvement of DRF settings rather than the development of additional functionalities.
In the following, a short review of the DRF parameters, as implemented in the latest
versions of ADF, is presented. For a full review of the DRF method see Ref. [1].
1

This work was part of the ADF 2017 release.
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4.2. Atomic Charges and Atomic Polarizabilities
Several quantum chemical methodologies can be used to obtain atomic charges, including those based on a representation of the molecular wave function, such as Mulliken
[6] and Weinhold (natural population analysis (NPA)) charges [7], and those based on
the electron density as a function of space, such as Hirshfeld [8, 9], Bader [10], Voronoi
[11, 12], and multipole derived charges (MDCs) [13].
Among these charges, MDCs are particularly attractive as they properly represent
the electric field inside a molecule and accurately reproduce the external (electrostatic)
potential [13]. The last is due to the multipole expansion of the charge distribution.
Atomic charges obtained by a multipole expansion (quadrupole, octuple, ..., moments)
preserve the total charge and the dipole moment of the molecule. In the MDCs analysis,
based on the dipole preserving charge (DPC) analysis [14], the molecular charge density
is written as a sum of atomic densities in such a way that the electrostatic potential
outside of the charge distribution is accurately defined (the mathematical formulation
of MDCs is found in [13]).
A second input parameter for DRF is the polarizability, by which the charge distribution in a QM or MM subsystem is modified in response to its counterpart environment.
The polarizability should guarantee proper dipole-dipole interactions within the MM
subsystem and between MM and QM subsystems. This becomes crucially important
for dipole-dipole interactions at short distances, where the polarizability tends to infinity
leading to the so-called polarization catastrophe. A way to derive a polarizability free
of unrealistic dipole-dipole interactions is by replacing the point charges for a damped
charge distribution. For instance, the induced dipole polarization models by Thole
[15] and Jensen [16] use exponential and gaussian charge distributions, respectively,
to avoid overpolarization at short range electrostatic interactions. Since the gaussian
charge distribution leads to slightly better results to those obtained with an exponential
charge distribution [17], such a model, as implemented by Jensen et al., is the default
polarization model in ADF.
Formally speaking a QM/MM interaction refers to molecular polarizabilities. In
practice DRF constructs molecular polarizabilities from atomic ones. Thus, each atom
is characterized by intrinsic atomic properties.
4.2.1. Test on Atomic Charges and Atomic Polarizabilities. In [18] Swart and
van Duijnen reported a validation of DRF (within the DFT framework) with respect
to pure DFT and CC methods. There, the PES of four dimers: water, ammonia,
formamide and formic acid were studied. The PES obtained at the SSB-D2 [21] and
CCSD(T)3 levels, were compared to those obtained with DRF. The conclusion of this
2

SSB-D is a modified Perdew-Burke-Ernzerhof functional (PBE) [19] that also includes Grimme’s
dispersion correction [20].
3
CC with singles and doubles, and perturbative triples (CCSD(T).

50

work was that the DRF PES followed the SSB-D and CC PES very well, and that DRF
is indeed able to describe intermolecular interactions.
Jacob et al. [22] compared DRF to the frozen density embedding (FDE) model
[23]. There, ground state (dipoles and quadrupole moments) and excited state properties (electronic excitation energies and polarizabilities) of a water molecule embedded
in water molecules were studied. It turned out that for a proper description of the
polarizability of the solute, the inclusion of the response of the solvent is important.
Such feature is included in DRF but not in FDE. The above-mentioned studies are
good references of the applicability of DRF, however, they do not provide any information regarding the DRF parameters. To calibrate the atomic charges and atomic
polarizabilities, diﬀerent properties for a considerable number of molecules should be
computed. The work described here focused on improving the performance of DRF
in the computation of excitation energies which would make such a benchmark study
possible. As a demonstration, the excitation energies of a water molecule embedded
in water were calculated (see Figure 4.2.1) [22]. Firstly, the atomic polarizabilities by
using Jensen’s model were set and fixed, while atomic charges varied. Atomic charges
were obtained from DFT calculations on single molecules and used without further
adaptation. The water in water system was selected since the experimental excitation
spectra of water in gas and condensed phase are well known [24, 25, 26]. Table 4.2.1
reports the 11 A1 ! 11 B1 and 11 A1 ! 21 A1 transitions experimentally found (the
11 A1 ! 11 A2 transition is dipole forbidden in the gas phase) [24].

Figure 4.2.1. Molecular structure of water embedded in 127 water molecules (purple shadow for the QM molecule, blue shadow for DRF molecules).

From Table 4.2.1 it cannot be appreciated significant diﬀerences on the excitation
energies when using diﬀerent atomic charges for the modelling of embedding water
molecules. Both MDC-D (expansion up to quadrupole moment) and MDC-Q (expansion up to octuple moment), lead to equivalent excitation energies, which agree fairly
well with the experimental absorption spectrum of liquid water [25]. MDCs tend to give
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good representations of the molecular electrostatic potential, even better than Hirshfeld and Voroni charges [13], for which they are highly recommended as inputs for DRF
(herein used; see the benchmark reported in [13]). Such a suggestion is also supported
by Swart and van Duijnen in [18], who have shown that while atomic charges not being
physical observables, the molecular multipole moments derived from the MDC analysis
agree fairly with experimental values. In general, when MDCs are used, is advisable to
include up to octuple moments in the multipole expansion of the atomic charges.
Table 4.2.1. DFT (SAOP [27]/ET-QZ3P- 3DIFFUSE) and DRF (SAOP/ETQZ3P- 3DIFFUSE) excitation energies, in eV, of water embedded in 127 water
molecules (for DRF, Thole’s atomic polarizabilities and diﬀerent atomic charges).

11 A1 ! 11 B1

11 A1 ! 11 A2

11 A1 ! 21 A1

Experimental (liquid water)[25]

8.20

-

9.90

DFT (isolated)

7.48

9.26

9.47

MDC-D

8.07

9.98

9.99

DFT/Atomic charge approach
Experimental (isolated) [28]

7.40

9.10

9.70

MDC-Q

8.36

10.38

10.39

Hirshfeld

8.15

10.09

10.10

Voronoi

8.14

10.08

10.09

Next, the dependence of the the MDC-Q charges on the XC functional and the
basis set is evaluated. MDC-Q charges for water were computed by using the VWN
[29], SSB-D [21] and B3LYP [30, 31, 32] functionals and diﬀerent basis sets, ranging
from DZ to QZ4P. The results are given in Table 4.2.2.
Table 4.2.2. MDC-Q atomic charges of the water molecule computed with diﬀerent XC functionals and basis sets.
XC functional
VWN

SSB-D

B3LYP

Atom

DZ

DZP

TZP

TZ2P

QZ4P

O

-0.77

-0.62

-0.65

-0.63

-0.62

H
H

0.36
0.40

0.30
0.33

0.30
0.34

0.30
0.33

0.31
0.34

O

-0.75

-0.62

-0.62

-0.62

-0.62

H
H

0.35
0.39

0.30
0.33

0.30
0.37

0.29
0.32

0.29
0.32

O

-0.75

-0.62

-0.64

-0.63

-0.64

H
H

0.35
0.39

0.30
0.33

0.31
0.34

0.30
0.33

0.30
0.33

It can be seen that while atomic charges do not strongly depend on the functional,
they do depend on the basis set, (there is a significantly diﬀerence between the DZ
basis set and the others). As soon as polarization functions are included comparable
charges are obtained.
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There is no systematic way to compute molecular polarizabilities. In the context of
atomic polarizabilities from which molecular polarizabilities for DRF are reconstructed,
Jensen’s model [33] (or Thole’s modified dipole interaction model [34]) is commonly
used. Atomic polarizabilities for H, C, N, O, S and halogen atoms, independent of
their chemical environment, have been derived and benchmarked from Thole’s model.
Alternatively, atomic polarizabilities for the extended periodic table may be computed
with the external POLAR code [35] (coupled to ADF).
4.3. Improved DRF Inputs for ADF
4.3.1. DRF Inputs from the GUI. The easiest way to set DRF inputs for ADF
is through the GUI. After reading the coordinates of a given system, QM and DRF
regions must be defined. For commonly used solvents, QM may be solvated from the
default solvents panel. Alternatively, customized solvents may be imported. Then, the
DRF method under the Model tab can be selected (DIM/QM ! Method:DRF).

Let us consider a system formed by a water molecule (QM region) embedded in

methanol molecules (DRF region).4 Once the regions are defined, atomic charges and
atomic polarizabilities must be provided for each atom type of the DRF region, namely
C, O and H. Currently, the user can either provide his/her own DRF parameters or use
automated values. The latter implies single point calculations for atomic charges,5 and
eﬀective atomic polarizabilities from a reported database [34].
In the past, the user had to provide atomic charges per atom type. This implementation did not distinguish point charges directly connected to electron rich functional
groups from side-chain charges, for instance. This is a drawback, especially for highly
polarizable embeddings, which is avoided if individual atomic charges are sit at all
DRF atoms, as in the extended implementation. Filling manually the atomic charges,
although possible, may be inconvenient (especially for large systems). Instead, it is
advisable to automatically assign atomic charges. MDCs (MDC-D and MDC-Q) are
highly recommended as they fit DRF requirements, however, other charge models such
as: Voronoi, Hirshfeld, and Mulliken charges are also available.
Atomic polarizabilities for organic molecules, with H, C, N, O, F, S, Cl, Br, and I
atoms, are automatically chosen [34], otherwise (as before) the user is free to provide
his/her own values.
4.3.2. DRF Inputs Coupled to Python Library for Automating Molecular
Simulations (PLAMS). For advanced (and more flexible) options in the selection of
XC functionals, basis set, atomic charges, atomic polarizabilities, and even for managing
4This is an illustrative example only, it is not intended to explain chemistry aspects of this system.
5By default (as suggested in 4.2.1), the VWN XC functional in combination with the DZP basis set

is used.
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input coordinates, a python interface is a suitable choice. In this context, the PLAMS
library [36]6 was coupled to ADF for DRF calculations.
Based on the flexibility of PLAMS, a handy DRF script is given in Appendix A. The
script (summarized in Figure 4.3.1) has default settings which can be easily modified if
required. In the simplest case the user just needs to provide the QM and DRF regions
(in xyz format), choose the XC functional, basis set and numerical quality for the DRF
energy calculation. By default, atomic charges are computed with the VWN functional,
the DZP basis set and normal numerical quality. By default, atomic polarizabilities of
H, C, N, O, F, S, Cl, Br, and I are taken from [34].
QM#region#
embedded#in#a#
polarizable#
medium#

QM region
(xyz)

DRF region
(xyz)

Separate

Chemical
formulas

PLAMS:
guess_bonds method

Classify

Distorted
configurations

RDKit:
RMS threshold

Isomers

ADF: DRF/QM
Energy

Compute q for a single
molecule of each DRF type
Assign
ADF: Single point

q for the rest of the DRF
molecules

α for all DRF molecules

Figure 4.3.1. Schematic representation of the DRF python script for ADF (where
the RMS threshold is 0.5).

The main program defines a series of general settings for a DRF calculation, reading
DRF Python Script for ADF

QM and DRF regions, classifying DRF molecules into subgroups of the same type (first
by formula and then for configurations for a given formula), computing the charges for
a single molecule of unique DRF type and assigning the atomic charges for the rest of
molecules that belong to a given DRF type (preserving atom orders).
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CHAPTER 5

Calibration of Exchange-Correlation Functionals for
Charge Transfer States
5.1. Overview
In the framework of OPVs, the mechanism by which charge carriers are formed involves
CT and CS states. In D:A BHJs, CT states occur at the interface of the D/A domains,
where a bound electron-hole pair is formed as a consequence of an electron transfer
from D to A. The understanding of the electron transfer processes that take place
in D:A BHJs depends on a proper description of the CT (excited) states. From the
theoretical point of view, such a description is challenging, especially due to the limited
number of methods that deal with (relative) large systems. In this context, TD-DFT
and TD-DFT/DRF stand as alternative methods for the description of the CT states,
in particular when non-local XC functionals are used. In the following, a benchmark on
the ECT of a D/A model system is presented. The XC functional that turns out to be
appropriate will be used in Chapter 6.
5.2. Charge Transfer Energy of a D/A Model System
The ECT of a D/A model system composed by the tetrathiafulvalene (TTF) as D molecule, and the 1,4-benzoquinone (PBQ) as A molecule (see Figure 5.2.1) was benchmarked.1 The ECT was computed with diﬀerent XC functionals and basis sets by using
the ADF modeling suite [2]. To determine the influence of the environment eﬀects
in the ECT , two scenarios were considered, the isolated TTF-PBQ complex and the
TTF-PBQ complex embedded in 1,4-nitroaniline (PNA) molecules. Firstly, the isolated
system is discussed, next, the embedded system is presented.

Figure 5.2.1. Configuration of the TTF-PBQ complex used in the modeling of CT states.
1The geometry of the TTF-PBQ complex was obtained from a crystal structure [1].
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Table 5.2.1 lists the lowest ECT of the TTF-PBQ complex computed with several
XC functionals and basis sets. ECT s are compared to the one obtained with the linear
response CC2/6-311G**,2 for which the ECT is 1.87 eV [1].
Table 5.2.1. Lowest ECT , in eV, and oscillator strengths, f, of the TTF-PBQ
complex calculated with diﬀerent functionals and basis sets (1 core execution).
-2 )

Functional

Basis set

CT

VWN

DZ
TZP
TZ2P

0.234
0.356
0.344

0.135
0.209
0.202

172.91
381.99
607.30

BLYP

DZ
TZP
TZ2P

0.288
0.411
0.400

0.177
0.249
0.244

256.72
496.27
760.94

SSB-D

DZ
TZP
TZ2P

0.260
0.433
0.418

0.147
0.240
0.231

443.13
1100.38
2066.38

B3LYP

DZ
TZP
TZ2P

0.731
0.864
0.848

0.514
0.558
0.551

748.36
1908.55
4268.47

BHandH

DZ
TZP
TZ2P

1.524
1.524
1.647

1.108
1.108
1.125

1482.57
1942.32
4594.78

HSE03

DZ
TZP
TZ2P

0.783
0.934
0.916

0.551
0.598
0.588

1767.27
4667.73
8633.50

HSE06

DZ
TZP
TZ2P

0.782
0.933
0.915

0.552
0.599
0.590

1730.82
4660.73
8928.23

CAMY-B3LYP

DZ
TZP
TZ2P

1.207
1.328
1.309

0.827
0.860
0.851

2333.09
4902.29
9844.34

CAM-B3LYP

DZ
TZP
TZ2P

1.493
1.603
1.583

1.008
1.047
1.034

2409.46
10601.44
9836.20

LCY-BLYP

DZ
TZP
TZ2P

2.358
2.430
2.408

1.696
1.840
1.817

3227.72
7791.99
13147.25

LCY-BP86

DZ
TZP
TZ2P

2.331
2.431
2.409

1.659
1.770
1.748

1686.79
5795.29
7370.51

LCY-PBE

DZ
TZP
TZ2P

2.330
2.437
2.415

1.641
1.750
1.727

1668.85
3509.36
7275.01

f(1⇥10

CPU time (s)

Table 5.2.1 ranges from the most simple to the most elaborated XC functionals,
including the following approximations:
2CC2 is an approximation to CCSD because it does not include all singles and doubles.
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• LDA, VWN functional [3]

• GGA, LYP functional [4, 5]

• meta-GGA, SSB-D functional [6]

• GGA hybrid: B3LYP functional (with 20% of HF exchange) [7] and BHandH
functional (with 50% HF exchange, 50% LDA exchange, and 100% LYP
correlation) [8]
• Range separated (RS) hybrid: HSE03 [9] and HSE06 [10] as short-range

(SR) functionals, and CAMY-B3LYP [11], CAM-B3LYP [12],3 LCY-BLYP,
LCY-PB86, and LCY-PBE as LC functionals.4

It turns out that VWN (LDA), BLYP (GGA), SSB-D (meta-GGA) and B3LYP (GGA
hybrid) functionals underestimate the ECT . This happens because the corresponding
XC-potentials suﬀer of an incorrect asymptotic behavior, as they decay faster than 1/r,
where r is the distance of the electron from the nuclei [13]. As a consequence, excited
states are poorly described.
Underestimated ECT s may be corrected (or improved) by using either GGA (metaGGA) hybrid functionals as BHandH or LC hybrid functionals, as CAM-B3LYP and
LCY-BLYP. In fact, LC functionals are designed in such a way that describe the long
intermolecular behavior of CT states, for which the ECT of the TTF-PBQ complex is
comparable to the one obtained at high-level CC.
LC hybrid functionals lead to accurate ECT because they employ a density approximation for the short-range part (small electron–electron distance r12 ) and the HF
exchange for long-range electron–electron interactions [14]. That is accomplished by
introducing a standard error function erf to divide the two-electron operator 1/r12 . LC
functionals use erfc(!r)/r for short-range (treated by a XC functional) and erf(!r)/r
for long-range (treated by HF exchange), with the parameter ! controlling the partitioning of the inter-electronic distance r [15].
With respect to the basis sets,5 there are clear diﬀerences when including or excluding polarization functions, especially for VWN, BLYP, SSB-D and B3LYP XC functionals. In these cases up to a 35% of energy diﬀerence is found. When using LC hybrid
functionals, the TZP and TZ2P basis sets lead to comparable ECT s (and also oscillator
strengths), while the DZP basis set still underestimates the ECT .
Figure 5.2.2, shows the contour plots of the molecular orbitals involved in the
formation of the lowest CT state. There, the hole and electron are mainly localized on
the S atoms of the TTF and the benzyl ring of the PBQ, respectively.

3By default, the attenuation parameter µ in CAMY-B3LYP and CAM-B3LYP is 0.34 and the switching

functions are the Yukawa potential and the Coulomb potential, respectively.
4
By default, the attenuation parameter in LCY-XC functionals is 0.75 and the switching function is
the Yukawa potential.
5ADF uses Slater type basis functions.
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(a)Hole

(b)Electron

Figure 5.2.2. Molecular orbital contour plots of the lowest CT state in the TTFPBQ complex. Double isosurfaces, blue/red and cyan/orange, with iso-value of
0.03 a. u represent the hole on TTF and electron on PPQ, respectively.

For completeness sake, the ECS was computed as the energy diﬀerence between
the IP and the EA of the D/A pair. The ECS at the CAM-B3LYP/TZ2P level is 4.458
eV.
Next, the influence of the environment in the modeling of CT states was evaluated. For simplicity, the TTF-PBQ complex discussed above was embedded in (3)
1,4-nitroaniline (PNA) molecules, as shown in Figure 5.2.3.

Figure 5.2.3. Configuration of the TTF-PBQ complex (purple) embedded in 3
PNA molecules (yellow ).

For comparison, TD-DFT and TD-DFT/DRF [16, 17, 18] ECT s are listed in Table
5.2.2.
Qualitatively, TD-DFT and TD-DFT/DRF lead to equivalent ECT s. In general,
TD-DFT/DRF ECT s are lower than those obtained with TD-DFT. In particular, CAMB3LYP/DRF leads to ECT s close to those obtained with CAM-B3LYP.
LCY-XC functionals in combination with the DZ basis set lead to ECT s comparable
to those obtained with TZP or TZ2P, that include polarization basis functions. In
computing ECT s, CAM-B3LYP turns to be more sensitive to the basis set, but when
polarization functions are included, consistent energies are obtained.
The computing time is significantly reduced when using DRF, even for the TZ2P
basis set, allowing DRF to be used for the modelling of ground and excited state
properties of large systems.
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Table 5.2.2. Lowest CT energies, in eV, and oscillator strengths, (1⇥10 -1 )f, of
the TTF-PBQ complex embedded in 3 PNA molecules calculated with diﬀerent
LC functionals and basis sets ( ECT stands for the energy diﬀerence between
TD-DFT and TD-DFT/DRF; 12 core execution).

ECT

TD-DFT
f
Time (s)

ECT

DZ

1.826

0.138

4571.52

1.651

0.448

982.98

0.175

TZP
TZ2P

1.875
1.862

0.149
0.148

33439.17
56914.84

1.736
1.729

0.580
0.583

3413.90
7179.00

0.139
0.133

DZ

2.768

0.222

7554.00

2.456

0.501

595.60

0.372

TZP
TZ2P

2.756
2.738

0.259
0.257

32859.51
70470.34

2.452
2.432

0.672
0.556

3537.77
7961.47

0.304
0.306

DZ

2.734

0.222

5141.38

2.421

0.501

433.82

0.313

TZP
TZ2P

2.740
2.724

0.260
0.258

19040.52
57627.79

2.427
2.418

0.649
0.655

3149.93
6403.96

0.313
0.306

DZ

2.731

0.215

4356.97

2.421

0.498

427.48

0.310

TZP
TZ2P

2.746
2.729

0.256
0.254

35751.25
115594.89

2.334
2.321

0.254
0.260

2290.75
8067.95

0.412
0.408

LC functional

Basis set

CAM-B3LYP

LCY-BLYP

LCY-BP86

LCY-PBE

DRF
f
Time (s)

ECT

Comparing the ECS s of the isolated and embedded systems (at the CAM-B3LYP/
TZ2P level) namely, 4.458 eV and 3.501 eV, respectively, it should be mentioned that
apart from a significant relaxation of the CS state induced by the environment, any
further discussion will be skipped since the embedded system under study is a toy
model.
5.3. Conclusions
LC functionals in combination with polarization functions as basis sets, are required
for a proper description of excited states and particularly CT states, as determined
from TD-DFT calculations. The standard CAM-B3LYP functional appears to be a
good choice. By combining TD-DFT and DRF, it was demonstrated that 1) DRF
qualitatively reproduces TD-DFT excitation energies, 2) DRF reduces significantly the
computing time respect to pure TD-DFT, and 3) CAM-B3LYP in combination with
polarization functions as basis sets, lead to excitation energies comparable to those
where the ’large system’ is entirely treated at quantum mechanics level.
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CHAPTER 6

Theoretical Study of the Charge Transfer Exciton
Binding Energy in Semiconductor Materials for
Polymer:Fullerene Based Bulk Heterojunction Solar
Cells1
Abstract
Recent eﬀorts and progress in polymer solar cell research have boosted the photovoltaic
eﬃciency of the technology. This eﬃciency depends not only on the device architecture
but also on the materials properties. Thus, insight into the design of novel semiconductor materials is vital for the advancement of the field. This chapter looks from a
theoretical viewpoint into two of the factors for the design of semiconductor materials
with applications to bulk heterojunction solar cells: the charge transfer exciton binding
energy and the nanoscale arrangement of D and A molecules in blend systems. Being
aware that the exciton dissociation of local excitons in charge transfer states initiates
the charge generation process, the excited state properties of four oligomers (one D
type; PEO-PPV, and three D-A type; PTFB, PTB7 and PTB7-Th) and two fullerene
derivatives ([60]PCBM and [70]PCBM), previously reported in the literature as having
high electrical conductance, are studied. With such a study the D molecules, either of
D type or D-A-type, are screened as candidates for [60]PCBM and/or [70]PCBM based
bulk heterojunctions. The charge transfer energy and charge transfer exciton binding
energy of suitable D:A bulk heterojunctions, some of them not yet fabricated, are studied. Further, the charge transfer exciton binding energies of [60]PCBM and [70]PCBM
based blends are compared. A combination of MD simulations with calculations based
on DFT and TD-DFT is used. An important feature of this work is that it incorporates
the eﬀect of the environment of the quantum chemical system in DFT or TD-DFT
calculations through a polarizable DRF. Our predictions in terms of the influence of
the nanoscale arrangement of D and A molecules on the performance of organic solar
cells, indicate that bulk heterojunction morphologies for D-A type oligomers lead to
their lowest excited states having charge transfer character. We find that in terms
of favorable charge transfer exciton binding energy the PTB7-Th:[70]PCBM blends
outperform the other blends.
1

M. A. Izquierdo; R. Broer; R. W. A. Havenith. Journal of Physical Chemistry A, 123, 1233, 2019.
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6.1. Introduction
OPVs as inexpensive, flexible and lightweight solar cells have become a promising energy
source. There are, however, many issues related to their low eﬃciencies that have to
be addressed before mass production/commercialization; therefore OPVs constitute an
active area of research. In OPVs, the charge generation process involves the formation
of excitons created by sunlight absorption. A current is generated if the exciton can
be split into a free electron and a free hole. However, exciton dissociation in polymer
only devices is not easy to achieve and in many cases losses occur [1]. The eﬀorts to
understand and control the operation of OPVs have led to many device architectures,
ranging from a single conductive layer to D:A bulk heterojunctions (BHJs) through D/A
bi or multi-layer systems. Single layers are the simplest, but also the least eﬃcient in
separating the exciton [2]. Multilayer junctions, be it stacked D/A films or BHJs,
instead combine molecules with diﬀerent potentials, D (or hole transport) and A (or
electron transport) molecules, to overcome the exciton binding energy (Eb ). It is
believed that in such device architectures the charge generation occurs through charge
transfer (CT) processes from D to A molecules that lead to charge separated (CS)
states. BHJs, as interpenetrating networks of D and A materials dispersed in the bulk,
however, have more D/A interfaces, and consequently, have more sites for the CT
exciton dissociation, making them more eﬃcient devices [3].
Conjugated materials with a small band gap, large induced dipole moments and
polarizable fragments are potential candidates for BHJ solar cells [4]. The combination of a semiconducting polymer with a fullerene derivative as organic blends has
up to now been the norm for BHJs. One of the most common BHJs is based on
poly(3-hexylthiophene) (P3HT) [5] and the [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) [6] as D and A molecules, respectively. Nevertheless, morphology disorders
mainly associated to P3HT, have led to P3HT/PCBM blends yielding low eﬃciencies
[7]. In view of this, many other D and A molecules have emerged. For instance,
Torabi et al. [8] recently functionalized conventionally known photovoltaic materials
to enhance their dielectric constants (which in principle would reduce both the Eb and
losses due to recombination) [9]. For that, Torabi et al. [8] attached triethylene glycol (TEG) side chains to conventional polymers such as diketopyrrolopyrrole (DPP),
to phenylene vinylene (PV) based ones and to fullero-pyrrolidine derivatives. They
found that TEG-functionalized polymers and fulleropyrrolidines (PTEG-1 and PTEG-2
[10]) have considerably higher dielectric constants than their respective reference polymers and PCBM. PTEG-1 with its high dielectric constant, has not yet outperformed
PCBM, but the experimental conditions for PTEG-1 based blends have not yet been
fully optimized.
Another polymer successfully used in polymer:fullerene solar cells is the poly [[4,8bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’] dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)
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carbonyl] thieno[3,4-b]thiophenediyl]], more commonly known as PTB7. PTB7 in contrast to other donor polymers, broadly absorbs in the near infra-red and has a low
optical band-gap, which leads to high-performance PTB7-based OPVs [11, 12]. The
absorption spectrum of PTB7 is further red-shifted when it is thiophene-functionalized,
PTB7-Th. The functionalization certainly leads to more eﬃcient devices but as recently
reported by Doumon et al. [13] it also leads to devices that are less photostable.
The design of novel semiconductor materials for BHJs may be a long and costly
process that involves many experiments including synthesis and characterization of the
materials such as scanning force microscopy (to investigate surface structures linked to
their electrical properties), current–voltage measurements and so on. Therefore, it is
convenient to run computational simulations to explore the applicability of new materials before synthesizing them. Computational methodologies, such as density functional
theory (DFT) [14, 15] and its time dependent extension (TD-DFT) [16] have proved
to be good methods when studying the electronic structure of photovoltaic materials
[17, 18]. For instance, the computational work by Few et al. [19] in the modelling of
CT state properties at the D/A interface of several thiophene based polymer:PCBM
blends, revealed the influence of the chemical structure on the excitation energies. Calculated spectra of excited states, using TD-DFT, showed that hole delocalization in
high electronically excited CT states can result in a decreased charge transfer exciton
binding energy, ECT -b . Further, they demonstrated that functionalized polymers have
a large impact on the degree of CT. Moreover, the TD-DFT work by Yi et al. [20] on
the electronic couplings and rates of exciton dissociation and charge recombination of
pentacene:fullerene heterojunctions (HJs) stressed the role of the intermolecular configurations in such competitive processes. There, the superior performance of bilayer
HJs over BHJs was already anticipated. Of course, the reliability of DFT or TD-DFT
predictions depend on their approximate functionals. For instance, it is well known
that although the generalized gradient approximation (GGA) [21] and hybrid functionals [22] yield good energies and good densities, they have poorly behaved potentials,
thus, they underestimate nonlocal contributions [23]. As a consequence, the long-range
electron-hole interaction between D and A fragments is underestimated [24, 25]. There
is, however, a class of corrected functionals for which the local character of conventional functionals is overcome, namely, the long-range corrected (LC) functionals [26].
LC functionals split the exchange interaction into a long-range part, usually treated
with Hartree-Fock (HF) and a short-range part treated by an exchange-correlation
functional, usually a GGA one. In general, when LC functionals instead of conventional functionals are applied to TD-DFT, the excited state properties are improved.
Therefore, for studying CT states within the framework of the TD-DFT, we employ LC
functionals [25].
In the simulations on model systems, the size of the system is another point to take
into account. While it is indisputable that large systems imply expensive calculations,
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sometimes even undoable, it is also true that gas phase calculations can be misleading.
Especially in BHJs, where the domain sizes of the D and the A play a crucial role, ground
and excited state properties may be very sensitive to the environment, and partial
or total neglect of the environment may lead to diﬀerent conclusions. Alternatively,
multi-level methods, that combine quantum mechanics (QM) and classical mechanics
at diﬀerent levels, may be used [27].
McMahon et al. [28] studied, through molecular dynamics (MD) simulations and
QM calculations, the morphology and electronic structure of P3HT/PCBM blends.
They computed the density of states for P3HT chains at diﬀerent distances from the
P3HT/PCBM interface. The results indicated that the quasi-free charge-separated
species at the interface are due to the changes in the electronic structure of P3HT at
the P3HT/PCBM interface compared to the one in the P3HT bulk.
D’Avino et al. [29] studied the exciton dissociation in P3HT/PCBM heterojunctions by combining atomistic MD simulations with QM and classical microelectrostatic
calculations, the latter describing the embedding molecules as permanent charges and
induced dipoles. They evaluated the energy landscape explored by mobile charges in
the vicinity of donor–acceptor interfaces with realistic morphologies. These studies
revealed that the CT exciton binding energy may be overcome by a favorable electrostatic energy landscape of the P3HT/PCBM interface, electronic polarization due to
the environment, and interface-induced torsional disorder in P3HT chains.
de Gier et al. [30] demonstrated, through MD simulations and TD-DFT calculations within the framework of the discrete reaction field (DRF) method [31], that the
inclusion of side-chains with dipole moments in photovoltaic materials lowers the Eb .
Electronic state diagrams, including local excitations, CT and CS states, for oligothiophene:PCBM BHJs, suggested that the inclusion of polarizable chains is a promising
route to improve the eﬃciency of OPVs. This was further supported by experimental
and theoretical work on the influence of permanent dipoles in fullerene derivatives [32].
There, a PCBM analogue with a side chain containing a permanent dipole, namely
PCBDN, was synthesized and characterized. Complementary TD-DFT/DRF calculations predicted the embedding eﬀects on the CT and charge separation processes in
close agreement to experiments.
In the present work DFT and TD-DFT are used to study ground and excited state
properties, respectively, in single and embedded D/A pairs selected from large D:A
BHJs. The DRF method [31] is used to mimic the embedding D:A molecules for a
given D/A pair in a given bulk. An important advantage of using DRF is that the
properties obtained from a polarizable medium are close to those obtained with full
DFT or TD-DFT, while the computing time is not substantially increased compared to
a vacuum calculation [31].
Here, a combination of quantum mechanics and polarizable force fields is used
to study the electronic structure of a few semiconducting materials, with potential
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applications in organic photovoltaics. The LC CAM-B3LYP functional is used to study
the absorption properties of four oligomers, D and D-A-type conjugated (polyethylene
oxide-polyphenylenevinylene, PEO-PPV (D-type, previously reported as having a high
dielectric constant [8]), polythiophenefluorobenzotriazole PTFB (D-A-type, previously
reported as a good candidate for non-fullerene based BHJ solar cells [33]), PTB7 and
PTB7-Th (both D-A-type, previously reported as good candidates for fullerene based
bulk heterojunction solar cells 13)) and two fullerene derivatives with similar absorption
properties ([60]PCBM and [70]PCBM) (see Figure 6.1.1).
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Figure 6.1.1. Simplified molecular structure of donor (D) and acceptor (A) materials under study. The C3 H7 side chain at the triazole group on PTFB, the C8 H17
at the alkoxycarbonyl and alkoxy (thiophene) groups of PTB7 (PTB7-Th) have
been reduced to methyl based groups.

Next, the excited state properties of all possible donor:acceptor combinations,
based on the absorption properties of single films, are theoretically studied. In particular
the CT energy (ECT ) and ECT -b of [60]PCBM and of [70]PCBM based BHJs are
compared. Further, the importance of including the surroundings in the estimation
of excited state properties, for which the DRF method has been successfully used, is
highlighted. Similarly to D’Avino et al. [29] the description of the embedding subsystem
is given by atomic charges and atomic polarizabilities, although in our model, charges
and polarizabilities are placed at all atoms, not only in heavy atoms. Furthermore,
atomic polarizabilities are distributed over all the atoms of the molecular mechanics
(MM) region, in contrast to a layer-like model where the inner layers are described by
the atomic polarizabilities and the outer layers are described by a single anisotropic
polarizability at the center of each MM molecule [34].
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Overall, we investigate the influence of the embedding on the CT and CS states and
on the ECT -b ; whether simulations predict how morphology might limit the CT; and
how all of these factors may guide us in the design of more eﬃcient polymer:fullerene
materials for BHJ solar cells. If our model succeeds in the prediction of the charge
transfer exciton binding energy and the nanoscale arrangement of donor and acceptor
molecules in blend systems, then this scheme may be applied to other OPV materials.
The organization of this Chapter is as follows. Section 6.2 summarizes the computational information. There the QM and QM/DRF calculations (DFT and TD-DFT),
including the molecular dynamics simulations, are described. Section 6.3 discusses the
theoretical/computational results. The excited state properties of both single oligomers
and tetramer:fullerene derivative BHJ blends together with the eﬀect of their morphology are explained. Extended data are provided in the supporting information (Appendix
B). Finally, section 6.4 presents the conclusions.
6.2. Methods
Eight BHJs built from four tetramers (PEO-PPV, PTFB, PTB7 and PTB7-Th) and
two fullerene derivatives ([60]PCBM and [70]PCBM), were theoretically studied (see
Figure 6.1.1).
To obtain representative structures to be used in the QM/MM calculations atomistic MD simulations for neutral tetramer:fullerene BHJ were carried out with the GROMACS package [35]. For both, tetramers and fullerene derivatives, all-atom GROMOS
53A6 topologies [36] were used to simulate the ground state of the D:A BHJ. The
topologies of tetramers were generated using an automated topology builder (ATB)
[37] (selected geometrical features of the force field optimized structures were compared to DFT optimized structures, see Table B1). The topologies of the fullerene
derivatives were built from an optimized fullerene topology [38] in combination with
the topologies of the side chains generated by ATB. Two diﬀerent D:A ratios were
simulated, 1:1 (20:20 / 30:30 molecules) and 1:1.5 (10:15 / 20:30 molecules). The
1:1.5 D:A ratio was only used to mimic PTB7:PCBM and PTB7-Th:PCBM blends, as
commonly used in experiment [13].
D:A BHJs were simulated as follows. To a 30 nm ⇥ 30 nm ⇥ 30 nm oligomer-only

box, acceptor molecules were added. Then, the D:A molecules in the box were progressively compressed through a series of 10 short MD simulations in a NPT ensemble.
Each MD simulation ran during 100 ps with a 0.001 ps time step, a temperature of
298 K and pressure of 500 bar (the temperature and pressure were controlled via the
Berendsen thermostat and the Berendsen barostat [39], with relaxation times of 0.1
and 0.5 ps, respectively). The resulting compressed D:A blend was progressively energy
equilibrated through a series of 8 MD simulations in a NPT ensemble. The pressure in
the series ranged from 500 bar, passing by 400, 300, 200, 100, 50, 10, 5 to finally 1 bar.
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At this point, each MD simulation ran during 250 ps with a 0.002 ps time step and
a temperature of 298 K (as before, the temperature and pressure were controlled via
the Berendsen thermostat and the Berendsen barostat, respectively). Box sizes vary
depending on the number of D:A molecules and their ratio. In general, equilibrated
[70]PCBM based blends lead to larger box sizes than [60]PCBM ones. The box sizes
range from 3.8 nm⇥ 3.8 nm ⇥ 3.8 nm, for PEO-PPV:[60]PCBM to 4.4 nm ⇥ 4.4
nm ⇥ 4.4 nm for PTB7-Th:[70]PCBM (for the energy equilibration plots, see Figures

B.1.2 and B.1.3; for a validation of the time scale of the MD simulations, see Table
B2, and Figures B.1.4 and B.1.5). It is worth mentioning that these MD simulations
are intended to model the spin coating process for which the time scale should be
appropriate rather than optimize thermally equilibrated blends. D/A configurations for
QM calculations were selected from the energy equilibrated blends.
For ground state properties such as optimal geometry, ionization potentials (IP,
computed as the energy diﬀerence between the total energy of the positively charged
system and the neutral one) and electron aﬃnities (EA, computed as the energy diﬀerence between the total energy of the neutral system and the negatively charged one),
DFT was used. For excited states such as local excited states and CT states, TD-DFT
was used. Both, ground state and excited state properties, were computed using the
long-range corrected CAM-B3LYP functional (with 65% of HF exchange at long-range)
[23] with the DZP basis set as implemented in the Amsterdam density functional (ADF)
modeling suite [40, 41]. Only singlet excited state energies were determined for local
excitons (LE) and CT states. The CS energy (ECS ) was determined as the diﬀerence
between the IP and the EA of the D/A pair. Here a periodic boundary conditions
(PBC)-like scheme is used. In this simplified scheme, that mimics the initial stage of
charge separation at the interface, it is assumed that a CS state evolves from a given
CT state in such a way that electron and hole move away from the active D/A pair to
distant D and A molecules with the same conformation in the heterogeneous blend as
they have in the CT state. Then, ECT -b is estimated as the diﬀerence between the
corresponding ECS and ECT .
Embedded clusters were constructed from D/A isolated pairs, taken from MD,
with surrounding molecules in a sphere with a radius of 3 nm (see Figure 6.2.1; for
a validation of the MM embedding radius, see Table B3). Embedded calculations
were performed by combining either DFT or TD-DFT for the active D/A pair and
the DRF method, also implemented in the ADF modeling suite. In TD-DFT/DRF,
linear response theory is used to obtain the first-order change in the density to a timedependent perturbation. The eﬀective potential is given by the self-consistent field
(SCF) potential (formed by the Coulomb, exchange correlation and DRF potentials)
and the external potential. The DRF potential accounts for the QM/MM interactions,
it describes the MM region through atomic charges and dipole polarizabilities. The
DRF contribution arises from the induced dipoles in the MM part due to the first-order
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change in the QM charge distribution. Thus, the charges and induced dipoles are
obtained self-consistently by solving the DRF linear equations at each SCF iteration
[42]. Here, DRF parameters, like atomic charges and atomic polarizabilities for all MM
atoms were obtained from multipole derived charges (MDC-Q) [43] and Thole’s model
[44], respectively.

(a)

(b)

Figure 6.2.1. Illustrative representation of a BHJ blend from which D:A pairs were
selected; (a) full blend, in blue the D:A pair, in gray the embedding D, A molecules
(b) example of a selected D:A pair.

6.3. Results and Discussion
6.3.1. Absorption Properties of Photovoltaic Materials. The mechanism by
which excitons dissociate is still unclear. However, it is clear that the nature of D and
A materials plays a role in the charge generation process. The optical properties of
the single D and A materials shown in Figure 6.1.1 were explored. Firstly, the HOMO
and LUMO energy levels of each single molecule were calculated. Secondly, for each D
and A molecule, the absorption spectrum was computed. In both cases, the structural
dynamics of tetramers of PEO-PPV, PTFB, PTB7, and PTB7-Th, and of [60]PCBM
and [70]PCBM were simulated by classical trajectories, from which QM geometries were
selected. For the orbital energy calculations, reported in Table 6.3.1, BLYP, B3LYP
and CAM-B3LYP functionals, with the DZP basis set were used. The reason why
three functionals rather than only CAM-B3LYP were used to compute the ECT , lies in
the orbital energies of virtual orbitals. It is expected that B3LYP and CAM-B3LYP,
due to the HF exchange contribution, lead to virtual orbitals shifted to higher energies
[45]. Nevertheless, HOMO-LUMO trends, as shown in Table 6.3.1, remain valid for
the selection of D and A in BHJs.
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Table 6.3.1. HOMO (H) and LUMO (L) energy in eV of isolated tetramers of
PEO-PPV, PTFB, PTB7 and PTB7-Th, and of fullerene derivatives [60]PCBM
and [70]PCBM calculated with diﬀerent functionals and the DZP basis set.
Molecule

BLYP

B3LYP

CAM-B3LYP

H

L

L-H

H

L

L-H

H

L

L-H

PEO-PVV

-4.70

-3.09

1.61

-5.60

-2.62

2.98

-7.00

-1.53

5.47

PTFB

-5.01

-3.68

1.33

-5.72

-3.37

2.35

-6.98

-2.46

4.52

PTB7

-4.90

-3.81

1.09

-5.57

-3.54

2.03

-6.75

-2.70

4.05

PTB7-Th

-4.93

-3.86

1.07

-5.59

-3.60

1.99

-6.91

-2.96

3.95

[60]PCBM

-5.97

-4.76

1.21

-6.69

-4.50

2.19

-7.60

-3.39

4.21

[70]PCBM

-6.02

-4.66

1.36

-6.70

-4.43

2.27

-7.48

-3.36

4.12

PEO-PPV has the largest HOMO-LUMO gap, while the lowest is for PTB7-Th,
which is very close to PTB7. In terms of energy of HOMO and LUMO on D and A,
respectively, it can be seen that all D:A combinations seem to fit the requirements
for energy level diﬀerences in OPVs, i.e. HOMO and LUMO levels on D must be
at higher energies than HOMO and LUMO levels on A, respectively. The TD-DFT
absorption spectra of D tetramers (Figure 6.3.1) show that for all the tetramers the
main absorption peaks lay in the visible region, between 2.4 and 2.7 eV (454 - 519
nm). However, there are clear diﬀerences between PEO-PPV that is D-type, and the
other tetramers, that are D-A-type. D-A-type tetramers absorb at lower energies than
the PEO-PPV tetramer, which is consistent with their smaller HOMO-LUMO gap.
In addition, the backbone of the tetramer determines the absorption more than the
side chains, as suggested by the electronic structure calculations at CAM-B3LYP/DZP
level.
Oscillator strength
1.2
1.0

PTB7

PTB7-Th

PEO-PPV PTFB

0.8
0.6
0.4
0.2

1.8

2.0

2.2

2.4

2.6
Energy (eV)

2.8

3.0

3.2

Figure 6.3.1. TD-DFT (CAM-B3LYP/DZP) absorption spectra of PEO-PPV,
PTFB, PTB7 and PTB7-Th tetramers (interpolation of excited states via Gaussian broadening, peak width 0.086 eV).
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When comparing PTB7 and PTB7-Th for instance, no significant diﬀerences, at
least in terms of absorption energies, are found. Important diﬀerences might come
from their morphology or photo-stability. However, simulations to investigate this, especially for stability, are outside the scope of this research. When enlarging PTB7 and
PTB7-Th tetramers to hexamers or octamers energy trends get closer to experiments
as shown in Table 6.3.2, with measured absorption maximum peaks at 1.85 and 1.77
eV for PTB7 and PTB7-Th, respectively [13]. Computations on infinite chains would
lead to improved agreement with experiments but would also require other DFT implementations like periodic DFT or the density-functional tight-binding (DFTB [46])
method.
Table 6.3.2. CAM-B3LYP/DZP local excitations (LE) (in eV) and oscillator
strengths, f, of isolated PEO-PPV, PTFB, PTB7 and PTB7-Th oligomers (super indices t , h , o , on the PTB7 and PTB7-Th refer to tetramer, hexamer and
octamer, respectively).
Molecule

LE

f

PEO-PPV

2.73

0.34

PTFB

2.39

1.08

PTB7

2.44t
2.15h

1.24
0.65

2.02o

0.61

2.45t
2.08h

1.12
0.62

2.03o

1.37

PTB7-Th

On the other hand, Figure 6.3.2 shows the absorption spectra of [60]PCBM and
[70]PCBM.
Oscillator strength
0.16
[60]PCBM
0.14

[70]PCBM

0.12
0.1
0.08
0.06
0.04
0.02
2.8

3.0

3.2

3.4
3.6
Energy (eV)

3.8

4.0

Figure 6.3.2. TD-DFT (CAM-B3LYP/DZP) absorption spectra of [60]PCBM and
[70]PCBM (interpolation of excited states via Gaussian broadening, peak width
0.086 eV).
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4.2

From Figure 6.3.2 can be seen that absorptions with significant oscillator strengths
appear from 3.40 eV onwards. [60]PCBM has a peak around 3.77 eV (329 nm) and a
broad absorption band between 3.87 and 4.02 eV (320 - 308 nm) with a maximum at
3.95 eV (314nm). [70]PCBM has an increased optical absorption in the visible region
compared to [60]PCBM. It has two absorption peaks, centered at 3.35 eV (370 nm)
and at 3.53 eV (351 nm), in agreement with the experimental trends reported earlier
in the literature: the UV/Vis spectra of [60]PCBM and [70]PCBM in toluene present
main peaks at ~ 340 nm and ~ 380 nm, respectively, see the work by Wienk et. al.
[47]. As a reference, the main absorption peak of [60]PCBM computed using TD-DFT
(BHandH/DZP) is ~ 315 nm [32].
6.3.2. Charge Transfer Energy and Exciton Binding Energy in BHJs. A study
of isolated D and A molecules in terms of excitation energies may guide us in the preselection of photovoltaic molecules, nevertheless, it does not guarantee good performance
of BHJ solar cells. There are several parameters that determine the eﬃciency of BHJs,
among those here the ECT and the ECT -b are considered. In BHJs, a CT state can
be the result of a local absorption on the D molecule (tetramer/polymer) followed by
an electron transfer from the absorber molecule to a neighboring acceptor molecule at
a D/A interface. The energy ECT -b needed to break the attraction between the so
formed electron-hole pair is indicative of eﬃciency [9].
Conventionally, OPVs include hole and electron transport layers to drive the generated charges in the active layer towards their respective electrodes. Ideally, molecular dynamics and quantum mechanics simulations should include such transport layers,
but in practice that is computationally unfeasible. Given these diﬃculties, the molecular dynamics and quantum mechanics simulations were limited to only active layers
consisting of D and A molecules. For each blend, from an equilibrated ensemble, several
isolated and embedded D/A pairs were selected, for which calculations to determine
their ECT , ECS and ECT -b were performed. First, the influence of the environment
on the properties of the tetramer:[60]PCBM blends was evaluated and then the performance of [60]PCBM was compared to [70]PCBM in their corresponding blends.
Isolated and embedded average properties from a set of 10 D/A pairs for each
tetramer:[60]PCBM blend are given in Table 6.3.3. As illustrative examples, four D/A
pairs of PTB7/[60]PCBM are shown in Figure 6.3.3. For simplicity only D/A pairs in
vacuum are shown; for ECT , ECS and ECT -b of all embedded D/A samples, see Table
B4.
From the vacuum calculations it can be seen that PEO-PPV:[60]PCBM and PTFB:
[60]PCBM blends have rather similar excited state properties. Likewise, the ECT ,
ECS and therefore ECT -b of PTB7:[60]PCBM and PTB7-Th:[60]PCBM blends are
rather close to each other. PEO-PPV:[60]PCBM and PTFB:[60]PCBM blends have
larger ECT and ECS than PTB7:[60]PCBM and PTB7-Th:[60]PCBM blends, however,
73

both have comparable ECT -b . When comparing results of vacuum and embedded
calculations, it follows that in all the cases the environment stabilizes much more the
CS states than the CT states.This is as expected.
Table 6.3.3. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV of diﬀerent
isolated and embedded (in bold) tetramer:PCBM pairs. x̄ stands for average
values and SD stands for standard deviation.
ECT

Blend

ECS

ECT -b

x̄

SD

x̄

SD

x̄

SD

PEO-PPV:[60]PCBM

2.22
2.29

0.23
0.37

3.77
2.97

0.19
0.40

1.55
0.68

0.04
0.19

PTFB:[60]PCBM

2.26
2.03

0.27
0.34

3.75
2.87

0.17
0.47

1.49
0.84

0.27
0.22

PTB7:[60]PCBM

1.99
1.88

0.16
0.12

3.56
2.80

0.24
0.24

1.57
0.92

0.21
0.21

PTB7-Th:[60]PCBM

1.88
1.94

0.07
0.15

3.39
2.84

0.10
0.20

1.51
0.90

0.06
0.22

(a)

(b)

(c)

(d)

Figure 6.3.3. PTB7:[60]PCBM configurations as illustrative examples of D:A conformations for which CT, CS and Eb were computed.

The ECS diﬀerence between the vacuum and embedded D/A pair (4ECS ) for PEOPPV:[60]PCBM is ~ 0.8 eV, for PTFB:[60]PCBM it is ~ 0.9 eV, for PTB7:[60]PCBM
it is ~ 0.7 eV and for PTB7-Th:[60]PCBM it is ~ 0.6 eV. The ECT diﬀerence between the vacuum and embedded D/A pair (4ECT ) for PEO-PPV:[60]PCBM is ~
0.07 eV, for PTFB:[60]PCBM it is ~ 0.23 eV, for PTB7:[60]PCBM it is ~ 0.11 eV
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and for PTB7-Th:[60]PCBM it is ~ 0.06 eV. Therefore, lower ECT -b s are obtained.
In general PTB7:[60]PCBM and PTB7-Th:[60]PCBM blends exhibit lower average
ECT than PEO-PPV:[60]PCBM and PTFB:[60]PCBM blends, while embedded PTB7Th:[60]PCBM has a slightly larger ECT than PTB7:[60]PCBM.
The DRF energy stabilization to the ECS is further analyzed by a decomposition
in contributions from the permanent charge distribution and induced atomic dipoles, in
order to reveal the mechanism with which the environment influences the CS states (for
selected PTB7/[60]PCBM pairs, see Table B6). In the selected PTB7/[60]PCBM pairs,
the QM/MM interaction energy is largely dominated by the polarization energy, i. e.
the charge-induced dipole interaction term, rather than the electrostatic energy. That
is, the change in the charge distribution of the environment due to the interaction with
the D/A pair (QM system) and other D and A embedding molecules contributes more
to the ECS than the Coulombic interaction between the D/A pair and the permanent
charge distribution of the environment. In absence of static charges in the DRF region,
only QM charge-induced dipole interactions occur. In such cases the polarization term
is comparable to the QM/MM interaction energy due to the induced dipole interactions
with the whole system, i. e., due to both QM and MM charges. DRF energies due
to purely the polarization contribution of selected PTB7/[60]PCBM are listed in Table
B7. These results demonstrate that accounting for electrostatic interactions alone
omits almost half of the eﬀects of the surroundings. Thus, a rigorous description of
embedded excited state properties requires a polarizable force field such as the DRF
model.
The CT energies depend also on the following factors. Firstly, the ECT is very
dependent on the relative position of the D molecule with respect to the A molecule
(few instances of D/A pair configurations are depicted in Figure 6.3.3; for single ECT ,
ECS and ECT -b from diﬀerent D/A pair configurations, see Table B4). Secondly, the
CT state energies depend on the interaction between D and A molecules in the BHJ
blend. Even more crucial, the CT state is very sensitive to the proximity between
the hole on the D molecule and the conjugated system on the [60]PCBM molecule.
Configurations where the local exciton on the D molecule is next to the fullerene
derivative, as those where the D molecule wraps the A molecule, lead to lower ECT
(for contour plots of the molecular orbitals involved in the lowest CT state of the D/A
pair configurations shown in Figure 6.3.3, see Figure B.2.1). Next, for most of the
PEO-PPV:[60]PCBM blends, the lowest CT states are higher in energy than the lowest
excited states on PEO-PPV (for the excited states manifold, see Table B4). This means
that excitons on PEO-PPV may decay to other low lying excited states, such as local
ones, rather than being transferred to [60]PCBM. Under such conditions, losses due
to recombination of electrons and holes are quite likely, a pattern that the polarizable
side chain cannot break. Indeed, it is to be expected that in PEO-PPV based blends
the predicted CT state is diﬃcult to access. Last, and in relation to the previous point,
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D-A-type conjugated tetramers combined with [60]PCBM lead to the lowest excited
states with a strong CT character. Some blends in the vacuum have high CT states,
however, when surrounding molecules are included, the CT states become the lowest
ones. This suggests that in blends excitons benefit from the environment to quickly
reach the D/A interface. It implies, also, that the arrangements of D and A molecules
in the blend play a crucial role in the CT process. This shows again that predictions
based on vacuum calculations do not suﬃciently reflect the physics behind the process
of charge generation and therefore hereafter only embedded systems are discussed.
For the D-A tetramers:[70]PCBM based blends the same procedure described for
[60]PCBM blends was followed. PEO-PPV despite having the lowest ECT -b across the
series was excluded due to its large HOMO-LUMO gap and high-lying excited states in
both pristine states and in the blend, which as shown in Table B4, indicate that the CT
migration is energetically hardly feasible. In contrast to [60]PCBM blends, [70]PCBM
blends evolved in MD simulations towards very heterogeneous D and A domains (see
Figure 6.3.4). The simulation revealed that the accessibility of the A molecules is
limited by the side chains of PTB7-Th. Thus, for PTB7-Th based blends, due to
steric eﬀects induced by the thiophene side chains, the A molecules were surrounded
by fewer D molecules than those in [60]PCBM based blends (as will be discussed later
and shown in Figure 6.3.4). Consequently, the [70]PCBM based blends lead to more
D/A interfaces. From the so formed D/A interfaces, several embedded D/A pairs were
selected, for which ECT and ECS were determined.
Table 6.3.4 lists the average values of ECT , ECS and ECT -b from a set of 10
embedded D/A pairs (for single ECT , ECS and ECT -b from diﬀerent D/A pair configurations, see Table B5 and for contour plots of the molecular orbitals involved in the
lowest CT state, see Figure B.2.2).
Table 6.3.4. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV of diﬀerent
embedded tetramer:[70]PCBM pairs. x̄ stands for average values and SD stands
for standard deviation.

Blend

x̄

ECT
SD

x̄

ECS
SD

ECT -b
x̄
SD

PTFB:[70]PCBM

2.32

0.15

3.21

0.16

0.88

0.16

PTB7:[70]PCBM

2.03

0.15

2.82

0.40

0.79

0.37

PTB7-Th:[70]PCBM

2.02

0.18

2.65

0.33

0.63

0.31

The comparison of CT and CS states of [70]PCBM blends (Table 6.3.4) to those of
[60]PCBM blends (Table 6.3.3) shows that the [60]PCBM energies are slightly lower in
energy, especially for PTFB based blends. The ECS s in particular are close to each other
(except for PTFB based blends). The ECS depends on the IP of the D molecule and the
EA of the A molecule. In this case the EAs of [60]PCBM and [70]PCBM (obtained at
the CAM-B3LYP/DZP level) are 3.05 eV and 3.13 eV, respectively (compared with the
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gas-phase EA of [60]PCBM measured by low-temperature photoelectron spectroscopy
of 2.63 eV [48]). Furthermore, the ECT -b is expressed as the diﬀerence between
the ECS and the ECT , thus, the actual diﬀerence between [60]PCBM and [70]PCBM
blends lies in the CT states. The diﬀerences in ECT -b imply diﬀerences in the ease
of CT exciton separation [9]. Ultimately, the performance of the blends, whether
with [60]PCBM or [70]PCBM, will also depend on the charge diﬀusion barrier. The
morphology of the active layer helps in the charge dissociation and charge transport
[9, 49]. However, charge diﬀusion is outside the scope of this work.
For comparison, Figure 6.3.4 shows MD simulated arrangements of PTB7 or PTB7Th blended with fullerene derivatives, [60]PCBM and [70]PCBM, which gives insight
into the nano-morphology of the blend layers.

(a)PTB7:[60]PCBM

(c)PTB7:[70]PCBM

(b)PTB7-Th:[60]PCBM

(d)PTB7-Th:[70]PCBM

Figure 6.3.4. MD simulated nanoscale arrangements of PTB7 and PTB7-Th
based blends in 1:1.5 D:A ratio.
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The radial distribution function (RDF) of the D molecules with respect to the
A molecules at their center of mass (COM) is shown in Figure 6.3.5. This gives an
indication of the correlation between D and A domains in the blend. All the RDFs
show a broad band between 0.4 and 2.0 nm. At 0.4 nm (4 Å), the density of D
and A molecules in the PTB7-Th based blends is lower than that for PTB7 based
blends. At 6 Å the RDF approaches unity, the trend remains, however, there is a
clear diﬀerence between PTB7-Th:[60]PCBM and PTB7-Th:[70]PCBM blends, with
the former having a higher D/A density. At larger distances, above 6 Å, we can expect
that the CT process is unlikely. PTB7-Th based blends, which have the lowest D/A
density have more D:A domains with more possible D/A interfaces. 3D pictures would
show that the PTB7-Th:[70]PCBM blend has more coupled D:A domains than the
other D:A blends, which suggests that in such blends the CT processes is favored, as
is also suggested by experimental work [13].
1.4

PTB7-[60]PCBM
PTB7-Th-[60]PCBM
PTB7-[70]PCBM
PTB7-Th-[70]PCBM

1.2

RDF(r)

1

0.8

0.6

0.4

0.2

0
0

0.5

1

1.5

2

2.5

r(nm)

Figure 6.3.5. Radial distribution functions of the center of mass of the D molecules
with respect to A the molecules in PTB7 and PTB7-Th based blends in 1:1.5 D:A
ratio.

The distribution of ECT across the set of PTFB:[70]PCBM is more homogeneous
than that of the set of PTFB:[60]PCBM blends, consistent with the standard deviation
that drops from 0.34 eV for [60]PCBM to 0.15 eV for [70]PCBM. This suggests that
[70]PCBM is a more favorable acceptor for PTFB than [60]PCBM (see Tables 6.3.3
and 6.3.4). It would be interesting to set the experimental conditions for its fabrication
and see if in agreement with a low ECT , high performance is obtained. Statistically, the
ECT -b of PTB7-Th and PTB7 based blends are close, with PTB7-Th having a lower
ECT -b than PTB7, suggesting that the former would slightly outperform the latter in
terms of eﬃciency if the morphology also favors the charge diﬀusion.
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In general, CT states for [60]PCBM based blends tend to have a complete CT
from D to A (~ 90% HOMO ! LUMO, see Table B4), while [70]PCBM based blends
tend to have partial CT character including also partially local excitations on D and A.
The lowest-lying excited states of [70]PCBM based blends are mainly due to transitions
between the HOMO on the D molecule and the LUMO on the A molecule, although
for some D/A configurations, there are contributions from other transitions between
lower-occupied orbitals and higher-unoccupied orbitals (see Table B5).
From simulations it is found that the ECT of [60]PCBM blends are lower in energy
than those for [70]PCBM blends, however, in terms of ECT -b , [70]PCBM blends lead
to weaker electron-hole pairs. As the ECT -b determines the ease of CT exciton dissociation, one could conclude that [70]PCBM blends, having lower ECT -b , would be
more eﬃcient. However, as mentioned above, the estimation of the ECT -b was done
through approximations. The large error margin in computed values is due to the fact
that 1) the ECT -b depends on the ECT and the ECS . The ECS in turn depends on
the IP of the D molecule and the EA of the A molecule, thus, the errors in IP and
EA are propagated, 2) the embedding varies from one D/A pair to another D/A pair.
Depending on the configuration of the D/A pair in the bulk, CT and CS states are
more or less favored, 3) the computed values might even be closer to experimental
ones if more repeating units of the polymers were used in the simulations. However, as
indicated earlier, calculations on such long chains are computationally very expensive
and are not expected to change the observed trends.
To verify our suggestions that 1) PTB7-Th based blends are more eﬃcient than the
remaining tetramer based blends and 2) [70]PCBM based blends outperform [60]PCBM
ones, the predictions should be complemented by experimental evidence. That evidence
would include the determination of the local Eb values for the polymers themselves and
the embedded ECT -b values for the blends obtained from measurements on real BHJ
solar cells. Work in this direction is currently in progress in collaboration with the
Photophysics and Optoelectronics group at the University of Groningen.
6.4. Conclusions
By TD-DFT studies, particularly with the CAM-B3LYP LC functional, we predicted the
ECT -b of tetramer:fullerene derivative BHJ blends. Through QM calculations we found
that the D:A cluster arrangements in the blends influence the exciton dissociation. We
demonstrated that the inclusion of many D:A molecules as embedding is fundamental
to mimic experimental active layers. Further, we demonstrated that the stabilization
of CT and CS states on D/A pairs induced by the embedding can be eﬀectively taken
into account by combining DFT/TD-DFT with the DRF method. We confirmed that
moving from isolated to embedded systems, CS states are much more stabilized than
CT states. We observed that the ECT strongly depends on the configuration of the
D/A pair, which in turn depends on the interactions between D and A molecules in the
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BHJ. We showed that the accessibility of the A molecules is limited by the side chains of
the oligomer, thus, influencing the morphology. We infer that despite predicted ECT -b
for PEO-PPV:[60]PCBM blends being the lowest across the series, their CT states are
energetically inaccessible. Our predicted values for ECT and ECT -b values for PTFB
with [60]PCBM or [70]PCBM indicate that PTFB:[60]PCBM blends would work better.
However, the experimental conditions have neither been set nor optimized. PTB7
and PTB7-Th are structurally quite similar, and from simulations we only observed
more heterogeneous D and A domains for PTB7-Th, mainly due to the thiophene side
chains. Even so, we found that the predicted ECT -b are lower when these tetramers are
combined with [70]PCBM. These results suggest that our modeling of the CT process in
BHJ blends may be used to scan the absorption and electrical conductance properties of
(novel) semiconductors, being then a guide for further simulations or experiments on the
performance of polymer:fullerene based BHJ solar cells. As a closing remark, we believe
that in the quest of designing novel materials for organic solar cells, polarizable materials
as conjugated donor-acceptor co-polymers are crucially important not only for fullerene
based cells but also for small molecule acceptor based devices. As a consequence,
for the prediction of the microscopic behavior of organic photovoltaic materials, the
inclusion of a polarizable embedding in the quantum mechanical calculations is decisive.
A major remaining challenge is understanding the role of the molecular orientation in
the charge separation.
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CHAPTER 7

Ab initio Quantum Chemistry Study of
Luminescence in ⇡-Conjugated Compounds with
Applications to Optoelectronic Devices1
Abstract
In the framework of optoelectronics, non-radiative decay paths are relevant, for example, to interpret eﬃciency losses and for the design of molecular rotors. Here,
representative molecules of the cyano functionalized distyrylbenzene (DCS) family are
studied theoretically in attempts to understand the relationship between the photodynamics and the fluorescence quantum yield. In the first stage, a computational strategy
is defined to explore the ground (S0 ) and lowest excited states (S1 ) potential energy
surfaces (PESs) along the non-radiative decay path of the DCS molecules. Such a strategy assumes that the non-radiative decay path is characterized by a S0 /S1 CoIn. The
last would occur upon geometrical changes of S1 including the elongation of the vinyl
bond together with the coupled torsion and pyramidalization around it. Our computational strategy to determine CoIns is benchmarked and validated for ethene, styrene,
and stilbene. The non-radiative decay mechanism of the DCS molecules, unrevealed
expe- rimentally, is elucidated by combining DFT, TD-DFT, and CASSCF/CASPT2
methods. TD-DFT and CASSCF/CASPT2 absorption and emission properties, in line
with fluorescence quantum yields, indicate that the emissive character of the DCS
molecules greatly depends on the position of the cyano substituents with respect to
the vinyl bond. The position of the cyano substituents 1) tunes the electronic structure
of S1 at the Franck-Condon (FC) region and that of S0 and S1 at the regions closer to
the degeneracy between these states 2) rules the fluorescence quantum yields and 3)
determines the radiationless decay rates. S1 at the FC region is stabilized depending on
the number of resonance structures. S1 at the pyramidalization region is stabilized depending on the electron withdrawing character of the groups directly connected to the
vinyl bond. In the second stage, two energy descriptors are established to interpret the
experimental data. They are, the vertical absorption energy at the FC region and the
energy diﬀerence between S0 and S1 in the vicinity of the CoIn. It is demonstrated that
1M. A. Izquierdo; J. Shi; S. Oh; S. Y. Park; B. Milián-Medina, J. Gierschner; D. Roca-Sanjuán.
Submitted to Journal of Physical Chemistry C, 2019.
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these energy descriptors are helpful in the determination of the emissive/non-emissive
character of the DCS molecules, for which they may be applied to related systems.

7.1. Introduction
⇡-Conjugated organic materials are characterized by a backbone chain of alternating
single- and double-bonds that gives rise to a delocalized ⇡-electrons system. The
last confers to the organic molecules interesting optical and electronic properties for
optoelectronic applications. It is not surprising to find organic materials in sensors, fieldeﬀect transistors, photovoltaics and light emitting diodes [1, 2, 3, 4]. Actually, many
of these applications are quite successful in the market of portable electronic devices
such as cellphones, digital cameras, among others [5]. However, the desirable material
properties, as thermal stability, conductivity, molecular organization and luminescence
are not fully predictable nor controllable [6].
The optical and electrical properties of organic materials depend largely on their
electronic structure. It has been reported that organic molecules with electron-donor
and electron-acceptor fragments may act as p- and n-type semiconductors, respectively, resulting in promising applications for optoelectronics. Most organic conjugated
materials exhibit favorable p-type character, however, the number of suitable n-type
species with significant performance is very low [7, 8]. Hence, significant eﬀorts in
the electron-acceptor materials design must be made for the further development of
optoelectronics.
The photophysical properties of ⇡-conjugated organic materials are also determined
by intermolecular factors, which in turn are controlled by the morphology. For instance,
the absorption and emission properties of conjugated materials may be diﬀerent in dilute
and condensed media. Some compounds may be highly emissive in dilute solution but
may become weakly luminescent when fabricated into thin films. This luminescence
quenching is believed to be caused by aggregation formation that leads conjugated
molecules to less emissive species, such as excimers [9, 10, 11].
On the other hand, there exist organic materials that exhibit the solid-state luminescence enhancement (SLE) phenomenon [12]. Such compounds are able to make a
free rotation of the ⇡-conjugated backbone that switches the optical properties as function of the physical state. These materials are non-luminescent in solution but become
luminescent in the solid state, as a consequence of a restricted crystal self-assembly of
the conjugated system.
To this class of compounds belong the functionalized distyrylbenzene (DSB) molecules [12, 13, 14, 15]. Depending on the nature of the substituents and the type of
substitution, single substitution (at the vinyl unit or at the phenyl groups) or multiple substitution (across the DSB backbone), the photoluminescence properties may
be weakly or significantly aﬀected, leading to emissive or non-emissive compounds in
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the solid state. The di-cyano functionalized DSB family, namely DCS and depicted in
Figure 7.1.1, is a representative example of the SLE phenomenon [16].

Rm

N Rc
Ro

Rp
Rm

Ro N

N Ro

Rm

Ro
N

Rm

Rp
Rc

β- DCS

α- DCS
Label

Rc

Ro

Rm

Rp

1
OC4H9
C6H13

4

OCH3

5

OCH3
CF3
OCH3

9

11

Rm

C6H13

15

C6H13

C6H13

C6H13

Rp

Ph
CF3

17

OC4H9

19

OCH3

OC12H25

20

OCH3

CONHR

21

OCH3

CH3O
OC4H9

N(C4H9)2 22

10

12

Ro

18

OCH3
OC12H25

8

14

16
OC4H9

6
7

Rc

13

2
3

Label

OCH3

N(CH3)2

23

NPh2

24

OPh
CF3
CONHR

25

Ph

NPh2

26

OCH3

N(CH3)2

27

NPh2

28 PhNPh2

CF3
OCH3

29

PCz

30

PCz

CH3
CF3

31

PCz

32

CzR

33

CzR

OC6H13

CF3
CF3

Figure 7.1.1. Chemical structures of the ↵, -DCS family. Rx represents a functional group substitution in the position o, m, p, ortho, meta and para, respectively, Ph = phenyl, Cz = carbazole, R = alkyl.

Within the DCS family, examples may be found of compounds that are non-emissive
in solution but are highly emissive in the solid state [12, 13, 14, 15]. There are also
examples of compounds that are non-emissive in solution and in the solid state. In such
cases it is believed that a strong structure-photoluminescence dependence exists. This
hypothesis might be confirmed by time-resolved pump-probe spectroscopy experiments,
for example by considering excited state absorption and stimulated emission spectra.
However, such experiments are not easy to carry out nor are always feasible [17, 18, 19].
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Experimentation together with theoretical chemistry and computational modeling
lead to an eﬀective multidisciplinary approach to solve the problem of understanding
morphological dependent emission behavior. Of course, the accuracy of electronic
structure methodologies for the study of optoelectronic processes will depend on a
proper description of the excited states. For instance, TD-DFT, with a relatively low
computational cost, usually provides a good description of the PES around the FC
region. However, TD-DFT fails for molecular ground states which are degenerate or
quasi-degenerate with low-lying excited states, such as, CoIns or singlet-triplet crossings
(STCs) [20]. In contrast, multiconfigurational methods, such as CASSCF/CASPT2 and
MRCI, are able to deal with states characterized by multiple electronic configurations.
Accordingly, they are suitable for the description of photochemical processes which may
involve ultrafast dynamics on electronically excited states [21, 22].
Multiconfigurational methods have been used to determine CoIns and characterize
radiationless mechanisms in several systems of interest in optoelectronics. Among these
are the works on tetraphenylethene (TPE) [23, 24], diphenyldibenzofulvene (DPDBF)
[25], malonitriles [26], indolines [27], ethene [28], styrene [29, 30], stilbene [31, 32, 33]
and boranes [34].
It has been established that the accessibility to a S0 /S1 CoIn determines the occurrence of an internal conversion. In turn, the relative accessibility to a CoIn depends
on the molecular electronic structure properties and the environment. For example,
molecules with flexible vinyl bonds tend to dissociate via a CoIn. Furthermore, the
accessibility to a CoIn in the solid state may be energetically limited by the surroundings. Such a condition is known as the restricted access to the CoIn (RACoIn), which
prevents an internal conversion via CoIn and induces the SLE phenomenon [35].
One of the major drawbacks of the multiconfigurational methods is the computational cost, particularly when large and highly ⇡-conjugated systems are studied.
Analytical solutions for excited states and CoIn geometry optimizations are often replaced by simplified strategies. These strategies are usually defined in such a way that
they provide qualitative and semi-quantitative information on the excited state photodynamics. As illustrative examples, two computational studies for the determination of
radiationless decay paths are briefly reviewed.
Estrada et al. [26] studied experimentally and theoretically molecules with applications to optical switches. Particularly, the excited state deactivation mechanism of
the malononitrile derivatives, fluoren-9-ylidene malononitrile (FM) and indan-1-ylidene
malononitrile (IM) was studied. Accurate photochemical reaction path determinations
for a model molecule, 1,1-dicyanoethylene (DCE), as the basis for the computational
photochemistry study of FM and IM, were carried out with CASSCF and CASPT2.
Results of this study suggest that DCE has a radiationless decay channel activated
through an ethene-like CoIn. Such a CoIn evolves from a distorted excited state geometry where stretching, rotation, and pyramidalization coordinates around the vinyl
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bond are the most relevant degrees of freedom. The finding for DCE was used to obtain approximated CoIns for IM and FM. Likewise, the S0 and S1 PESs for IM and FM
were mapped by using a DCE-based computational procedure. Approximated PESs for
FM and IM predicted the activation of non-radiative deactivation channels, which was
supported by absorption and emission experiments. This also confirms the potential of
FM and IM for fluorescent molecular rotors.
El-Zohry et al. [27] studied the photochemistry of the indoline donor unit in a
few dye-sensitized solar cells (DSSCs). The low performance of these DSSCs was
investigated through a radiationless decay process based on the photodynamics of
ethene-like molecules [29, 31, 33]. The excited state of the indoline donor unit was
characterized by a twisting mechanism. Such a mechanism follows a non-radiative
channel which in turn is activated by a S0 /S1 CoIn. This inference was made by
performing explorations of the PESs along the pyramidalization of one of the ethylenic
carbon atom of the indoline donor unit. It was found that the short excited state
lifetimes, measured by femtosecond transient absorption experiments, correspond to
the activation of a S0 /S1 CoIn. The activation of such a CoIn leads to a non-radiative
decay process that competes with the charge generation process, leading to eﬃciency
losses.
In this work, a theoretical study on the photoluminescence properties of DSB
and four representative molecules of the DCS family, ↵, -DMDCS and ↵, -TFDCS
is performed. The goal is to elucidate the factors that determine the photophysics
of these systems which may be, in principle, extrapolated to related compounds. As
discussed by Shi et al. [36], ↵-DCS molecules (where the cyano groups are in position
↵ with respect to the central phenyl group) are in general much less emissive than DCS ones (where the cyano groups are in position
group). For instance, in solution, ↵- and
fluorescence quantum yields,

F

with respect to the central phenyl

-alcoxy compounds show clearly diﬀerent

(0.002 and 0.54, respectively) and radiationless decay

rates, knr (250 and 0.39 ns-1 , respectively) [12]. It would be expected that for the
entire DCS family these general trends are preserved. Nevertheless, there are a few
exceptions for which the ↵ isomer is more emissive than the

isomer. That is the case

for ↵-TFDCS and -TFDCS with knr values of 25.1 and 85.1 ns-1 , respectively [37].
It is of interest to determine the electronic factors that deviate the ↵, -TFDCS pair
from the general trend.
Motivated by the previous works of Estrada et al. [26] and El-Zohry et al. [27],
a simplified strategy to explore the PESs is defined and applied to representative DCS
compounds. The strategy is based on geometrical changes of the excited state including
three nuclear coordinates around the vinyl bond: elongation, torsion, and pyramidalization of one of the ethylenic carbon atoms of the DSB unit. The PESs of well
known molecules, ethene [28], styrene [29, 30], and stilbene [31, 33], are used to validate the emerging model. Special attention is given to the influence of the di-cyano
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substituents, in position ↵ or

, on the activation of non-radiative decay channels.

Next, simple descriptors are established to predict the luminescence trends of the DCS
compounds.
The organization of this Chapter is as follows. Section 7.2 summarizes the methodology used in the geometry optimizations and energy determinations. Section 7.3
presents the results. It comprises three subsections devoted to 1) validate a proposed
mechanism for the photodynamics of ethene-like molecules, 2) study the excited states
of the representative DCS compounds and 3) outline the luminescence properties for
the entire DCS family and related systems. Finally, Section 7.4 closes with the findings
and relevant conclusions.
7.2. Methods
DFT, TD-DFT, and CASSCF/CASPT2 methods were used to study the radiationless
decay mechanisms of ethene, styrene, stilbene, DSB, ↵, -DMDCS, and ↵, -TFDCS
(see Figure 7.2.1). S0 and S1 geometry optimization of minima were carried out by
using DFT and TD-DFT, respectively. In this context, the CAM-B3LYP XC functional
[38] and the cc-pVTZ basis set, as implemented in the GAUSSIAN 09 computational
software [39], were used. For ethene, styrene, and stilbene, the CASSCF and CASPT2
methods together with the ANO-S-VDZP basis set, as implemented in the MOLCAS
electronic structure package [40], were used to optimize the structure of the S0 and S1
minima and to determine the S0 /S1 minimum energy conical intersections (MECoIns).
An active space of 2 active electrons distributed in 2 active orbitals, corresponding
to the ⇡ and ⇡* orbitals of the vinyl bond, was used (hereafter, CASSCF(2,2) and
CASPT2(2,2)).
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O

O
N

N
CF3

F3C
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Figure 7.2.1. Chemical structures of DSB, ↵, -DMDCS and ↵,
From top to the bottom and from left to right, DSB, ↵-DMDCS,
↵-TFDCS and -TFDCS.

-DMDCS.
-DMDCS,

Excitation energies were calculated by using two levels of theory, TD-DFT [39]
and CASPT2 [40, 41]. At the TD-DFT level, the CAM-B3LYP XC functional and the
90

cc-pVTZ basis set with/without the PCM(CHCl3 ) solvent model [42] were used. At
the CASPT2 level, the ANO-S-VDZP basis set and several active spaces were used.
Excitation energies for ethene, styrene and stilbene were computed with CASPT2(2,2),
CASPT2(8,8) and CASPT2(14,14), respectively. Excitation energies for DSB, ↵, DMDCS, and ↵, -TFDCS were obtained with two CASs leading to CASPT2(4,4) and
CASPT2 (12,12). In the CASPT2 computations, in order to minimize the eﬀect of
intruder states, an imaginary shift of 0.20 a.u. was used [43]. Moreover, both the
conventional and IPEA-corrected CASPT2 with a value of 0.25 a.u. were considered.
7.3. Results and Discussion
7.3.1. Ethene, Styrene and Stilbene. Looking for a computational strategy to
determine the non-radiative mechanisms of the ↵, -DCS family, the S0 /S1 PESs of the
ethene-like model molecules, ethene, styrene, and stilbene, are explored in this section.
Firstly, a geometrical and electronic structure analysis of the optimized geometries for
the S0 and S1 minima and the S0 /S1 CoIns is presented. Secondly, an approximated
strategy to map the S0 and S1 PESs and determine the radiationless decay channel is
defined and validated.
7.3.1.1. Geometrical Analysis and Electronic Structure Properties of the Excited
Vinyl Bond. The main photochemical decay paths in ethene, styrene and stilbene have
been studied previously, resulting in accurate details of the mechanism [28, 29, 31, 33,
44]. The mechanism indicates that in these molecules a barrier-less channel operates
between S1 and a S0 /S1 CoIn, which is associated with ultrashort excited state lifetimes.
Such a channel drives the population of S1 to S0 without light emission. Three types
of internal coordinates represent the geometrical changes taking place along the decay
channel. These coordinates correspond to the vinyl distance, dCC , the rotational
dihedral angle ' and the pyramidalization o inversion angle ⌧, which are displayed in
Figure 7.3.1.
dCC

1
2
3

5

1

4

2
6

3

1

ϕ
4

5
6

4

2
3

τ

5
6

Figure 7.3.1. Geometrical parameters that characterize the S0 /S1 CoIn of the
ethene-like molecules studied in this work.

The geometry of ethene-like molecules at the CoIn possess an elongated, twisted and
pyramidalized vinyl bond. In this work, geometry optimizations of S0 and S1 and the
S0 /S1 MECoIns of ethene,2 styrene and stilbene were computed at the CASSCF(2,2)
2The S geometry is not a real minimum but an artifact of the computation starting by planar
1

symmetry. Nevertheless, it allows to illustrate the geometrical changes in the radiationless decay path.
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and CASPT2(2,2) level (where only the ⇡ orbitals of the vinyl bond are included in the
active space). The values obtained for dCC , ' and ⌧ are compiled in Table 7.3.1 which
also lists the geometrical parameters, when available, as reported in the literature. The
MECoIns of ethene, styrene, and stilbene are illustrated in Figure 7.3.2.
Table 7.3.1. CASSCF(2,2) and CASPT2(2,2) geometrical parameters of the optimized S0 , S1 minima and the S0 /S1 CoIn of ethene-like molecules: dCC in Å,
' and ⌧ in . Reported values for ethene [28, 29], styrene [29] and stilbene [45]
correspond to CASPT2(2,2), CASPT2(12,12) and CASPT2(14,14), respectively.

Molecule

Ethene

Styrene

Stilbene

dCC
'
⌧
CASSCF(2,2)

dCC
'
⌧
CASPT2(2,2)

dCC
⌧
Reported

S0 -min

1.33

121.3

180.0

1.36

121.2

180.0

1.34

180.0

S1 -min
S0 /S1 CoIn

1.44
1.39

120.8
119.7

180.0
105.0

1.49
1.42

120.1
123.1

180.0
104.0

1.45

103.0

S0 -min
S1 -min
S0 /S1 CoIn
S0 -min
S1 -min
S0 /S1 CoIn

1.33

122.9

180.0

1.36

122.0

180.0

1.37

180.0

1.41
1.40

119.7
116.7

180.0
114.0

1.40
1.43

121.5
114.0

179.0
111.0

1.42

104.1

1.33

119.1

180.0

1.37

118.4

180.0

1.37

180.0

1.41
1.40

118.8
120.0

178.2
110.9

1.43
1.47

118.6
113.5

180.0
100.2

1.39

101.0

State

(a)Ethene

(b)Styrene

(c)Stilbene

(d)Ethene

(e)Styrene

(f)Stilbene

Figure 7.3.2. CASSCF(2,2) (top) and CASPT2(2,2) (bottom) optimized MECoIn
geometries of ethene, styrene and stilbene.

A general observation is that the vinyl bond distance increases when moving from
S0 to S1 . The elongation of the vinyl bond makes the structure susceptible to rotations
and further geometrical changes that lead to a CoIn, resulting in an internal conversion
or ultrafast non-radiative decay [46]. Similar values are obtained for each of the three
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molecules which indicates that the radiationless process is mainly centered at the vinyl
bond.
For ethene, styrene and stilbene, the MECoIn geometries obtained with CASSCF
(2,2) or CASPT2(2,2) are comparable to those obtained with more accurate multiconfigurational methodologies, with larger active spaces, as those reported in [28, 29, 31].
That is, CASPT2(2,2) predicts the MECoIn geometries of ethene, styrene and stilbene
reasonably well.
The deformation of the vinyl bond upon radiation can be interpreted in terms of
the electronic structure. Figure 7.3.3 shows a scheme with the main features of the
electronic structure of S0 and S1 at the FC and CoIn regions. The excited state at
the FC region is characterized by the population of the ⇡⇤ orbital, which weakens the
vinyl bond and induces a free rotation around it. At the CoIn region, the degenerate
electronic states are mainly characterized by two electronic configurations, a biradical
configuration, with one electron at each carbon atom, and a zwitterionic or ionic
configuration, with two electrons in the pyramidalized carbon atom.

E

S1
degenerated
states
S0

FC region

CI region

Figure 7.3.3. Molecular orbital diagram of the ethene-like molecule at the FC and
S0 /S1 CoIn regions.

7.3.1.2. Computational Strategy to Explore the Non-Radiative Decay Paths. Analogous to the ethene-like molecules, indoline and malononitrile derivatives have ultra
short excited state lifetimes attributed to deactivation channels mediated through a
S0 /S1 CoIn. Such a conclusion has been confirmed by CASPT2 S0 /S1 PESs which in
turn have revealed the geometrical changes that determine the CoIn structure [26, 27].
The study of radiationless mechanisms of the DCS molecules is quite challenging,
both theoretically and computationally, and we searched for an aﬀordable and reasonable computational strategy to approximate S0 /S1 CoIns. A potential strategy would
consist of the characterization of the S0 and S1 PESs, between the FC and CoIn regions,
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as function of the vinyl bond elongation and the coupled torsion and pyramidalization
coordinates, indicated in Figure 7.3.1.
A similar model has been already applied to styrene [29] and to malononitrile [26]
and indoline derivatives [27]. The symmetry properties of these molecules at the twisted
vinyl bond may be used to optimize the geometry of the zwitterionic state and explore
the CoIn region.3 Unfortunately, the DCS compounds lack symmetry properties. A
scan of S0 and S1 PESs that includes geometry optimizations via multiconfigurational
methods would be very costly. Alternatively, DFT and TD-DFT may be used since they
perform well for geometry optimizations of S0 and S1 , respectively. That is the principle
of our strategy; geometries along the radiationless path are obtained by DFT/TDDFT and energies are computed by CASSCF/CASPT2. Our strategy is defined as
follows: 1) DFT optimization of the ground-state equilibrium geometry, S0 -min, 2)
TD-DFT optimization of the excited-state equilibrium geometry giving in general a
planar structure, S1 -min, 3) TD-DFT optimization of S1 at the twisted geometry, S1 bend (where the dihedral angle is constrained to 90 as shown in Figure 7.3.1), 4) linear
interpolation of internal coordinates (LIIC) between the previous structures, 5) manual
pyramidalization of one of the carbon atoms of the vinyl bond (and its connected
groups) from S1 -bend [44], with variations of ⌧ from 180 up to 90 in steps of 10 ,
and 6) CASSCF/CASPT2 energies for geometries generated in 4 and 5.
As an illustrative example of the internal coordinates that involves this approach,
Figure 7.3.4 shows the geometry evolution from S0 -min to the approximated CoIn
structure of ethene, which is reached upon pyramidalization.

(a)S0 -min

(b)S1 -min

(c)S1 -bend

(d)CoIn

Figure 7.3.4. Main geometries that characterize the non-radiative decay mechanism of ethene and define our computational strategy to determine such a mechanism (see text).

The aforementioned computational strategy was applied to ethene, styrene, and
stilbene. The results obtained together with the energy of the optimized MECoIn
(red dash line) are displayed in Figure 7.3.5. The main features of the non-radiative
mechanism are derived from our approximated strategy. The energy gap between the
S0 and S1 PESs reduces upon elongation, torsion, and pyramidalization coordinates
3The zwitterionic state corresponds to the lowest state with A’ symmetry belonging to the C point
s

group. Thus, the ground state optimization, under symmetry considerations, may be used to determine
the zwiterionic state minimum (see more details in Ref. [26]).
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take place. While for ethene no well is found in the elongation part, it does appear for
styrene and stilbene. Such minima are responsible for the fluorescence yield reported
for those compounds (around 0.25 [47] and 0.05 [48], respectively). The lower yield of
stilbene might be attributed to the relative position of the MECoIn, which lies below
S1 at the FC region and slightly above the S1 -min (step 5 of the radiationless decay
path). For styrene, with a higher yield, the MECoIn appears slightly above the S0
and S1 profiles. When comparing the diﬀerent MECoIn, it appears that the employed
strategy overestimates the crossings, particularly for stilbene. Thus, the approximated
energy conical intersections (AECoIn) cannot be used as a quantity to predict the
accessibility to a CoIn. They should be used instead as entities to qualitative estimate
the photophysics of the molecules under study.
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Pyramidalization

Pyramidalization
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(a)Ethene, CAS(2,2)

6
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15

Radiationless decay path step

Radiationless decay path step

Energy (eV)

Energy (eV)

4
6

(b)Styrene, CAS(8,8)

Elongation Torsion

Pyramidalization

4
2
0
5
10
15
Radiationless decay path step
(c)Stilbene, CAS(14,14)

Figure 7.3.5. Approximate CASPT2 S0 and S1 PESs of ethene, styrene and stilbene as function of the coupled torsion and pyramidalization coordinates. From
step 1 to 5 (Elongation), LIICs between S0 -min and S1 -min, from step 6 to 9
(Torsion), LIICs between S1 -min and S1 -bend, from step 10 to 18 (Pyramidalization), manual pyramidalization of the CH2 group of the vinyl bond in ethene and
styrene and the -CHC5 H5 part in stilbene, with ⌧ intervals of 10 . The red dash
line represents the MECoIn energy relative to that of the S0 -min computed at the
same level of theory as for the paths (black curves).
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7.3.2. DSB, ↵-DMDCS,

-DMDCS, ↵-TFDCS and

-TFDCS. The above-

discussed computational strategy appears to be qualitatively good for rationalizing the
main features of the radiationless mechanism of ethene-like molecules, even though it
overestimates the CoIn. In this section, our strategy is used to explore the non-radiative
decays of the DSB molecule and four representative compounds of the DCS family,
namely ↵-DMDCS,

-DMDCS, ↵-TFDCS, and

-TFDCS (see Figure 7.2.1). The

aim is to derive (computationally eﬃcient) descriptors that support the luminescence
properties of the DCS molecules in question. It also attempts to generalize the factors
that rule the luminescence properties across the DCS family and related systems.
7.3.2.1. Absorption, Emission and Adiabatic Energies. Before proceeding to a systematic exploration of the S0 and S1 PESs of the molecules under study, a rough
analysis on the performance of TD-DFT and CASPT2 approaches for the computation of energies of ↵-DMDCS and

-DMDCS is carried out. Specifically, the vertical

absorption energy (Eva ), vertical emission energy (Eve ) and adiabatic energy diﬀerence between the minima of the S0 and S1 states (Ead ) are calibrated and compared
to experimental results. The comparisons will allow us to evaluate the relative accuracy of 1) the XC functional (hybrid or LC), 2) the active space, and IPEA shift
of the CASPT2 method, 3) the basis sets, and 4) the solvent. The DFT based
approaches are B3LYP/6-311G*/PCM(CHCl3 ), CAM-B3LYP/cc-pVTZ, and CAMB3LYP/cc-pVTZ/PCM(CHCl3 ). The CASPT2 methodologies are, CASPT2(4,4) consisting of 4⇡ electrons distributed in 4 orbitals (including 2⇡ and 2⇡⇤ orbitals mainly
centered on the vinyl bonds), and CASPT2(12,12) consisting of 12 electrons distributed
in 12 orbitals (including 6⇡ and 6⇡⇤ orbitals delocalized over the whole conjugated
system). The conventional CASPT2 without IPEA correction is compared with the
IPEA-corrected with a value of 0.25 a. u. The corresponding Eva , Eve and Ead are
given in Table 7.3.2.4
Overall, both TD-DFT and CASPT2 methodologies lead to S0 and S1 minima in
reasonable agreement with experiments, with FC energies higher for ↵-DMDCS than
for -DMDCS. Within TD-DFT methodologies, the CAM-B3LYP XC functional leads
to energies closer to the experimental data. Nevertheless, the simpler and computationally less costly B3LYP XC functional gives rise to the same relative energy trend.
Next, the inclusion of the solvent, as done in the PCM, shifts only slightly the absorption and emission energies, keeping the same relative trend for ↵ and

compounds.

Within CASPT2 methodologies, CASPT2(4,4) and CASPT2(12,12) agree fairly well
with the experiments. Moreover, CASPT2(4,4) and CASPT2(12,12) energy diﬀerences
are small, below 0.2 eV. When the IPEA shift is taken into account, the CASPT2 energies significantly deviate from the experimental data. It suggests that for these systems
4Geometry optimizations were computed with the CAM-B3LYP XC functional and the cc-pVTZ basis

set, except for the B3LYP/6-311G*/PCM(CHCl3 ) energies for which geometry optimizations were
computed with the B3LYP XC functional, the 6-311G* basis set and the PCM(CHCl3 ) model [36].
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the IPEA shift, which is supposed to correct the description of open-shell electronic
states [49], is not adequate. Therefore in the following, only CASPT2 energies (without
the IPEA shift) are reported.
Table 7.3.2. Eva , Eve and Evad , in eV, of ↵-DMDCS and
-DMDCS.
For simplicity, TD-DFTa stands for B3LYP/6-311G*/PCM(CHCl3 ), TDDFTb stands for CAM-B3LYP/cc-pVTZ, TD-DFTc stands for CAM-B3LYP/ccpVTZ /PCM(CHCl3 ), CASPT2a stands for CASSCF/CASPT2(4,4)/ANO-SVDZP, CASPT2b stands for CASSCF/CASPT2(12,12)/ANO-S-VDZP, CASPT2c
stands for CASSCF/CASPT2(4,4)/ANO-S-VDZP/IPEA, CASPT2d stands for
CASSCF/CASPT2(12,12)/ANO-S-VDZP/IPEA.
Methodology

-DMDCS

↵-DMDCS
Eva

Eve

Evad

Eva

Eve

Evad

TD-DFTa [36]

3.04

2.41

2.98

2.61

2.17

2.54

TD-DFTb

3.60

2.84

2.89

3.20

2.69

3.17

TD-DFTc

3.49

2.70

3.42

3.06

2.44

2.99

CASPT2a

3.15

2.56

2.57

2.94

2.42

2.41

CASPT2b

3.26

2.69

2.80

2.83

2.28

2.26

CASPT2c

3.90

3.27

3.31

3.69

3.13

3.17

CASPT2d

3.92

3.21

3.36

3.53

2.94

2.97

Experimental

3.45

2.70

3.00

3.30

2.50

2.85

7.3.2.2. Systematic Exploration of Non-Radiative Decay Paths of DSB, ↵-DMDCS,
and -DMDCS and the Enhanced Resonance Stabilization. Figure 7.3.6 shows the S0
and S1 energy profiles along the radiationless decay path of DSB, ↵-DMDCS and
-DMDCS, derived from the computational strategy defined in the subsection 7.3.1.2.
The Eva of DSB is comparable to the one of ↵-DMDCS and -DMDCS but much
lower than the one of stilbene (see Figure 7.3.5). Nevertheless, the S0 and S1 PESs do
not show an indicative of a S0 /S1 -like crossing as clear as for the other systems. In fact,
the S0 and S1 PESs of DSB suggest that if a CoIn existed, it would be hardly accessible,
for which an internal conversion via a CoIn would be unlikely. This hypothesis closely
fits with the highly-emissive character of DSB which has a quantum fluorescence yield
of 0.87 [12, 50]. On the other hand, it turns clear that S0 is more sensitive to the CAS
than S1 , especially in the pyramidalization region. In the FC region CASPT2(4,4) and
CASPT2(12,12) energies are comparable. In the vicinity of the CoIn, CASPT2(4,4) and
CASPT2(12,12) energies diﬀer. There, the higher level CASPT2(12,12) is expected to
be more consistent with the photophysics of DSB. Nevertheless, both CASPT2(4,4)
and CASPT2(12,12) lead to similar conclusions.
With respect to ↵-DMDCS and

-DMDCS, the corresponding S0 and S1 PESs

evolve towards a region of near-degeneracy, which has the potential to activate a
radiationless decay. The energy profiles are also phenomenologically similar to those
obtained in the previous subsection. The above-mentioned statements are valid for
CASPT2(4,4) and CASPT(12,12) energy profiles. Taken together, this supports our
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model to determine radiationless decay channels via S0 /S1 CoIn. As already mentioned,
the position of the CoIn energy must be considered as upper-bound estimation.
By comparing the S0 and S1 PESs of ↵-DMDCS and

-DMDCS, a diﬀerence

in the FC region appears clear: the S1 of ↵-DMDCS lays at a higher energy than
the one of

-DMDCS. Therefore, the Eva of ↵-DMDCS is larger than the one of

-

DMDCS. Accordingly, the light absorption process provides ↵-DMDCS with a larger
kinetic energy content to surmount barriers in the S1 PES and reach the CoIn, as
compared to

-DMDCS. This reasoning agrees with the experimental evidence of a

lower fluorescence yield for ↵ than for

in alkoxy DCS isomers (the fluorescence yields

of the ↵- and -dibutoxy-DCS isomers are 2⇥10-3 and 0.54 a. u., respectively) [36].5
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Figure 7.3.6. Approximated CASPT2 S0 and S1 PESs of DSB, ↵-DMDCS
and -DMDCS as function of the elongation of the vinyl bond and the coupled torsion and pyramidalization coordinates. DSB: CASPT2(4,4) in dash line,
CASPT2(12,12) in continue line. From step 1 to 5 (Elongation), LIICs between
S0 -min and S1 -min, from step 6 to 9 (Torsion), LIICs between S1 -min and S1 bend, from step 10 to 18 (Pyramidalization), manual pyramidalization of the
carbon atom of the vinyl bond with the cyano substituent, ⌧ with intervals of
10 .

5Note that butoxy and methoxy are not expected to show significant diﬀerences for the purposes of

the present analysis. Furthermore, methoxy groups simplify the computations.
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Our findings are also in agreement with those obtained in a previous study of
↵, -DCS molecules free of alkoxy substituents [36]. That study was based on rough
TD-DFT computations and a simple CASSCF wave function analysis. There, it was
reported that at the FC region the S1 PES of the ↵ isomer lays at a higher energy
than the one of the

isomer. Extended theoretical studies, computing the Eva for

the entire DCS family for further comparisons to the corresponding

F

and knr (see

Figure 7.3.7), have been carried out elsewhere [37]. In [37], the Eva s are computed at
the B3LYP/6-311G*/PCM(CHCl3 ) level of theory, which, as shown in the subsection
7.3.2.1, gives reasonable energies with a relatively low computational cost. Strong
correlations between the Eva and the knr have been also obtained, confirming the
previous and current predictions on the role of the Eva to explain the luminescence
properties. Note that the correlation is stronger for knr than for
be attributed to the fact that

F

F.

The latter may

not only depends on the accessibility of the CoIn as

knr , but also on the fluorescence rate.

Figure 7.3.7. Correlation between the FC energy, Eva , and the fluorescence quantum yield, F , (top) and knr (bottom) of the ↵, -DCS family. Labels are given
in Figure 7.1.1, where the chemical structures of the whole ↵, -DCS family are
also depicted. Figure adapted from [37].

Comparing ↵ and

compounds indicates that the latter ones, with lower Eva ,

are more emissive than the former ones. Consequently,

compounds have a higher

rate of internal conversion than ↵ compounds. These inferences may be understood
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in light of the discussion of the enhanced resonance stabilization (ERS) as explained
by Shi et al. [36]. The number of zwitterionic resonance structures when the negative
charge resides on the nitrogen atoms determines the stabilization of the excited state.
For

compounds, such a number of zwitterionic structures is larger than the one for

↵ compounds, 8 and 4, respectively, as illustrated in Figure 7.3.8.
N
C
N
positive
negative

N
C

N

Figure 7.3.8. Scheme of the enhanced resonance stabilization model of ↵-DCS
(top) and -DCS (bottom) isomers. Figure adapted from [36].

7.3.2.3. Systematic Exploration of the Non-Radiative Decay Paths in ↵-TFDCS
and

-TFDCS and the Zwitterionic Stabilization. The FC energy (Eva ) seems to ex-

plain reasonably well the photophysical behavior of the DCS molecules. That is,
isomers with lower Eva are more emissive than ↵ isomers. However, such a premise
fails in some cases. For instance, ↵-TFDCS and

-TFDCS (labels 6 and 17, respec-

tively, in Figure 7.1.1) have opposite trends. The ↵ isomer is more emissive than

,

despite that Eva suggests the contrary. This indicates that being restricted to the FC
region leaves out some features of the photodynamics that may be crucial for particular
systems. Thus, the exploration of the CoIn region is relevant. Under this premise, the
PESs of ↵-TFDCS and

-TFDCS were derived from our model. The corresponding

energy profiles are displayed in Figure 7.3.9.
Comparing the energy profiles of ↵, -TFDCS (Figure 7.3.9) with those of ↵, DMDCS (Figure 7.3.6) may help to rationalize the factors that determine the radiationless decays in the entire DCS family. The main diﬀerence between ↵, -DMDCS
and ↵, -TFDCS energy profiles appears in the pyramidalization region. The energy
gap of ↵-DMDCS and

-DMDCS switches around the torsion and pyramidalization

regions. Along the radiationless decay path, the energy gap of ↵-TFDCS is larger than
the one of -TFDCS. On the other hand, the vibronic coupling between S0 and S1
is expected to be non-negligible even at regions before the CoIn. Moreover, a small
energy gap in the pyramidalization region may activate a radiationless decay path. The
smaller the energy gap the more likely is the radiationless decay path. Accordingly, the
energy gaps at the FC and pyramidalization regions of ↵, -DMDCS and ↵, -TFDC
predict non-radiative decays for ↵-DMDCS and -TFDCS [37].
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Figure 7.3.9. Approximated CASPT2 S0 and S1 PESs of ↵-TFDCS and TFDCS as function of the elongation of the vinyl bond and the coupled torsion and
pyramidalization coordinates. From step 1 to 5 (Elongation), LIICs between S0 min and S1 -min, from step 6 to 9 (Torsion), LIICs between S1 -min and S1 -bend,
from step 10 to 18 (Pyramidalization), manual pyramidalization of the carbon
atom of the vinyl bond with the cyano substituent, ⌧ with intervals of 10 . For
↵-TFDCS, the rotation ⌧ of 90 leads to a geometry with steric eﬀects for which
it was excluded.

To rationalize the energy gaps at the pyramidalized structures of ↵, -DMDCS
and ↵, -TFDCS, the electronic structure of the excited state at these geometries is
analyzed similarly as done in previous works [26, 51]. Figure 7.3.10 shows a scheme of
the excited state electronic structures for ↵, -DMDCS and ↵, -TFDCS derived from
a CASSCF(12,12) wavefunction analysis.
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Figure 7.3.10. Zwitterionic stabilization (ZS) of ↵, -DMDCS and ↵, -TFDCS.
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Considering the ↵, -DCS molecules as functionalized ethene molecules, two substituents with diﬀerent electron withdrawing character can be easily identified. For any
↵,

pair, the electronic structures diﬀer from the fragments at the right side. For

↵, -DCS molecules, S1 corresponds to a zwitterionic structure with two electrons on
the C atom directly connected to the cyano moiety, which is an electron withdrawing
group (EWG). S1 might be further stabilized if the electron withdrawing character of
the other substituent connected to the cyano moiety is stronger than the substituents
placed at the other side of the vinyl bond (zwitterionic stabilization, ZS). That is the
case of ↵-DMDCS (see Figure 7.3.10), for which the fragment at the right side is a
stronger EWG than the one at the left side (with electron aﬃnity (EA) of 2.18 eV and
0.20 eV, respectively). For -DMDCS, the EA of the fragment at the right side is 2.23
eV.6
In the case of the ↵, -TFDCS pair, the EA diﬀerences between the two fragments
(at the left and right sides) are not large enough to produce an inversion of the S1
energy profile (see Figure 7.3.9). For ↵-TFDCS (see Figure 7.3.10), the EA of the
fragments at left and right sides are 1.51 eV and 2.76 eV, respectively. For -TFDCS,
the EA of the fragment at the right side is 2.69 eV. The fragment at the left side,
which bears the CF3 EWGs, has a significant electron withdrawing character. For

-

TFDCS, it is believed that the inductive properties of the CF3 EWGs, that are next to
the negatively-charged C atom of the vinyl group, compete with the electronegativity
of the fragment at the right side.
Thus, while ERS allows to explain the diﬀerent trends in the FC region, the ZS
may be used at the pyramidalization region to roughly interpret the trends.
7.3.2.4. Quantum Chemistry Descriptors of the Radiationless Eﬃciency and Luminescence. As demonstrated in the previous subsections, the analysis of the FC and
pyramidalization regions helps in the interpretation of the emissive/non-emissive character of the DSB derivatives. Representative quantities at the FC and pyramidalization
regions may be used as descriptors for the luminescence. Eva is one of these descriptors
which, as shown here and elsewhere [37], correlates fairly well with the measured fluorescence quantum yields. The other descriptor proposed here is the energy gap at the
pyramidalization region. That is, the energy diﬀerence between S1 and S0 in the pyramidalization region hereafter, 4E(pyr). Here 4E(pyr) has been defined at ⌧= 120 .
Note that at the torsion region, the energy gap is not able to predict the luminescence

properties of the DCS molecules (see the CASPT2(12,12) energy profiles in the torsion
region for ↵, -DMDCS and ↵, -TFDCS in Figures 7.3.6 and 7.3.9, respectively).
Table 7.3.3 compiles the Eva and 4E(pyr) values for DSB, ↵-DMDCS, -DMDCS,

↵-TFDCS and

-TFDCS, together with the corresponding knr values reported in the

reference [37].
6In this section the EA was computed at B3LYP/6-311G*/PCM(CHCl ) level.
3

102

Table 7.3.3. Energy descriptors in eV, Eva and 4E(pyr), computed at
CASPT2(12,12) level, and the knr in ns-1 for DSB, ↵, -DMDCS, and ↵, TFDCS.
Molecule

Eva

4E(pyr)

knr

DSB

3.16

1.79

0.75

↵-DMDCS

3.26

0.86

250.00

-DMDCS

2.83

1.35

0.39

↵-TFDCS

3.44

1.59

25.10

-TFDCS

3.23

1.06

85.10

For this series, with extreme luminescence properties, a linear regression between
Eva or 4E(pyr), as single independent variable, and knr or log10 knr does not fit. If
Eva is the independent variable, the following linear regression model is obtained: knr
= 146.42Eva - 393.93 where the coeﬃcient of determination, R2 , is 0.10, or log10 knr
= 3.89Eva - 11.37 where the coeﬃcient of determination,R2 , is 0.49. If the 4E(pyr)

is the independent variable, the following linear regression model is obtained: knr =
- 233.004E(pyr) + 382.15 where the coeﬃcient of determination, R2 , is 0.70, or
log10 knr = - 2.354E(pyr) + 4.17 where the coeﬃcient of determination, R2 , is 0.51.
Conversely, a multiple linear regression, with Eva and 4E(pyr) as independent

variables and knr , fits. In this case, a linear regression model is obtained with knr =
146.77Eva - 233.074E(pyr) - 85.06 with a coeﬃcient of determination, R2 , of 0.80,
or log10 knr = 3.90Eva - 2.364E(pyr) - 8.25 with a coeﬃcient of determination, R2 ,
of 0.99. Based on these results, Eva and 4E(pyr) are proposed to be the explanatory
variables that improve the correlation between computed and experimental values. Eva

and 4E(pyr) are relatively cheap descriptors for radiationless decays, thus, they may
be used for systems where MECoIn determinations and photochemical reaction paths
are computationally expensive or not aﬀordable.
7.4. Conclusions
Through TD-DFT and CASPT2 calculations, we have understood the molecular basis of
the non-radiative decay phenomenon in a representative group of DCS molecules. Our
conclusions are based on an approximated computational strategy to explore the S0 and
S1 PESs. From that computational strategy we defined two simple energy descriptors
for the prediction of non-radiative channels. They are, the FC energy and the energy
diﬀerence between S0 and S1 in the vicinity of the CoIn region. These descriptors
turned out to be qualitatively good to predict and explain the photophysical properties
of the DCS compounds. While it is true that our strategy to explore the S0 and S1
PESs together with the descriptors are approximated, they correlate fairly well with
experimental observables, such as the fluorescence quantum yields and radiationless
decay rates. We believe that analogous strategies may be defined and applied to other
materials where non-radiative decays may play a role. Furthermore, our results support
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the use of DFT and TD-DFT for geometry optimizations of S0 and S1 , respectively,
from which geometries along the reaction coordinates may be derived. Importantly,
the energy profiles along the reaction coordinates are and must be performed with
multiconfigurational methods for an appropriate and accurate description. Hence, our
results should in no way be considered as indicative of the validity of TD-DFT for the
exploration of the S0 and S1 PESs.
Taken together, our findings constitute compelling evidence that non-radiative
decay via CoIns decrease the eﬃciency of photovoltaics and optoelectronic devices.
Thus, to optimize the performance of optoelectronic materials, the electronic excited
states must be fully understood, for which our study stands as a feasible and promising
approach.
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CHAPTER 8

Outlook and Perspective
8.1. Overview
The computational approaches and analyses presented in this thesis already constitute
a step forward in the understanding of elementary photovoltaic processes. Further steps
in the direction of material design and performance may be explored by extending this
work, for example by running calculations on other or larger model systems, or by using
other methodologies. Here, two research areas are outlined: relaxation eﬀects on large
systems via quantum mechanics/discrete reaction field (QM/DRF) and calculation of
electronic couplings via non-orthogonal configuration interaction (NOCI).
8.2. Implementation of QM/DRF Energy Gradients in ADF
Diﬀerent levels within the discrete interaction method (DIM) are implemented in ADF.
The most general DIM method is the capacitance polarizability interaction model
(CPIM), where embedding atoms interact via induced charges and induced dipoles
with the QM model subsystem. A particular case of CPIM is DRF [1], where, as mentioned above, embedding atoms interact via static charges and induced dipoles. The
simplest DIM method is the polarizability interaction model (PIM), where embedding
atoms interact via induced dipoles only.
Analytical QM/CPIM energy gradients for the ground state are already implemented in ADF [2]. The corresponding QM/DRF energy gradients are still missing.
Thus, QM geometry optimizations under the influence of the environment are not possible yet. In the context of donor:acceptor (D:A) organic photovoltaics (OPVs), the
absence of polarizable energy gradients leaves out the possibility of studying relaxation
eﬀects on charge transfer (CT) and charge separated (CS) states at the D/A interface and the bulk, respectively. It becomes clear that the implementation of QM/DRF
energy gradients for ground and excited states is highly desirable.
Analytical QM/DRF energy gradients for ground state should be easily derived
from the QM/CPIM gradients [2].1 Their implementation would require to rewrite
the density matrix of the QM subsystem and the polarizable environment, the so-called
molecular mechanics (MM) subsystem. The last is described with MM via static charges
and induced dipoles in such a way that the electrostatic potential, dispersion and
1

The working equations for the DRF/QM gradients may be found in the fd_potentials.f90 subroutine
(adf/new_gradients/).
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repulsion properties of the MM subsystem are preserved. The extended implementation
of the QM/DRF energy gradients for ground state was in progress by the time this thesis
was written.
The implementation of analytical QM/DRF energy gradients for excited states is
more complicated. The limitations of using a single-reference for description of excited
states are well documented in the literature [3, 4]. However, the QM/DRF methods
are yet to be tested for the problems concerning the excited state dynamics. By
default, mutual polarization interactions between QM and MM subsystems are taken
into account in QM/DRF, where induced dipoles are determined by a SCF iterative
procedure. Furthermore, the environment may modify the excited state dynamics [5].
Thus, any suitable implementation of QM/DRF energy gradients should consider these
features.
8.3. Electronic Couplings in D:A OPVs via NOCI
In the last fifty years, engineers have been able to design computer architectures with
performance doubling every 18 months. However, the limit of what a single processor
can do, seems to be nearly reached [6, 7]. Thus, there is a strong need for computing
scientists to reformulate their algorithms. Accordingly, the methods for theoretical
chemistry are evolving with the progress of software developments.
For instance, until recently the use of mutually non-orthogonal molecular orbitals
would have been ineﬃcient for Hartree-Fock and multiconfigurational methods. Instead, orthogonal orbital bases became the standard choice. Currently, with the advances in supercomputing, hardware and software, such restriction to orthogonal bases
becomes a matter of choice.
The NOCI method has been implemented in the GronOR scientific software for
massively parallel computer architectures [8].2 Within GronOR, the NOCI wave function is expanded in configuration state functions (CSFs) that can be mutually nonorthogonal. The non-orthogonality is due to anti-symmetrized products of multiconfigurational wave functions of molecular fragments, whose molecular orbitals are individually optimized for the diﬀerent states of the fragments [9, 10].
The advantage of using a NOCI wave function is that it covers orbital relaxation
and static correlation eﬀects, not easily accounted for when using an orthogonal basis.
Another advantage is the interpretation of the molecular wave functions. However, the
bottleneck is that the non-orthogonality complicates the computation of the elements
of the Hamiltonian matrix, while its dimension scales with the number of CSFs of
the NOCI wave function. Furthermore, just as is the case with standard orthogonal
approaches, the number of two-electron integrals, needed to calculate the Hamiltonian
2

GronOR stands for Groningen and Oak Ridge, as the code is developed between the Theoretical
Chemistry group of the UG, The Netherlands and the Scientific Computing group of the ORNL, USA.
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matrix elements, grows rapidly with the size of the system and with the size of the
basis set.
In the context of OPVs, the computation of electronic couplings via NOCI may
indicate which processes -charge recombination, electron transfer or charge separationare more likely. Moreover, it may give deeper insights of the excited state potential
energy surfaces. The application of NOCI to photovoltaic materials promises to be an
excellent opportunity for new research of molecular systems in which excited states are
of particular interest. Motivated by these features, NOCI calculations on D:A OPVs via
GronOR were running on Titan and Summit supercomputers3 by the time this thesis
was written.

3

Titan (10 petaflops) and Summit (200 petaflops) are supercomputers at the Oak Ridge Leadership
Computing Facility (OLCF) of the Oak Ridge National Laboratory (ORNL).
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CHAPTER 9

Conclusions
In this thesis electronic structure calculations have been used to better understand the
electron transfer processes in D:A BHJ OPVs and to rationalize the molecular basis
for non-radiative decay channels in optoelectronic devices. Correspondingly, we have
performed exhaustive calibrations of quantum mechanics and computational methodologies to validate our general conclusions. These are:
• Long-range corrected functionals for TD-DFT must be used when computing

excitation energies as local excitons and CT states. Hybrid functionals poorly
describe CT states as they underestimate excitation energies (see Chapter
5). As widely discussed in this thesis, in the charge formation process many
factors are important, therefore, to mimic such a process the methodology
must be as accurate as possible (see also Chapter 6).

• D-A-type oligomers perform better than highly polarizable D-type oligomers,
as shown in Chapter 6. We expect that the favorable absorption and charge
carrier properties observed in D-A-type oligomers are preserved in D-A-type
polymers. If so, D-A-type polymers may be used as active layers in polymersonly device architectures. These predictions should be complemented by
experimental evidence as well.
• The embedding of a quantum mechanical model system must be taken into
account in the calculation of excited state properties of compounds to be

used as OPV materials. Considering that large model systems, representing
for example, D:A BHJs, cannot be fully treated at quantum mechanical level,
we suggest to use a hybrid QM/MM scheme, for instance, the TD-DFT/DRF
method. Examples of TD-DFT/DRF applications to OPVs are found in
Chapters 4 to 6. There we demonstrated that TD-DFT/DRF includes mutual
polarization eﬀects from QM and MM regions into CT and CS states of
complex photovoltaic systems, for which polarization, apart from electrostatic
interactions, plays an important role.
• The photophysical properties of optoelectronic materials may be understood

by exploring the PESs along the radiationless decay channels. For a large family of compounds, the DCS family, we found that the luminescence character
depends on the activation of internal conversion processes via CoIns between
S0 and S1 (see Chapter 7).
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• A simplified strategy to characterize the PESs has been derived from a multiconfigurational treatment. Within this strategy, two energy descriptors have

been defined, which are the Franck-Condon energy of the lowest-lying bright
excited state, and the energy diﬀerence between ground and excited states
at the conical intersection region (see Chapter 7).
• Correlations between experimental data and theoretical estimations on the

radiative/non-radiative properties for a large family of compounds were found
(see Chapter 7).

• Further progress in the understanding of photoelectronic materials will be

enabled by scientific software development of QM/MM energy gradients for
ground and excited states (see Chapter 8).

• Electronic couplings and rates of non-radiative electronic processes are im-

portant in the study of the competitive processes that take place in optoelectronics (see Chapter 8).
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APPENDIX A

Python Script for ADF/DRF Inputs
A.1. DRF Python Script Coupled to PLAMS
DIM_QM_DRF_plams_module . py
from r d k i t i m p o r t Chem , RDConfig
from r d k i t . Chem i m p o r t AllChem , r d M o l A l i g n
from r d k i t i m p o r t D a t a S t r u c t s
from r d k i t . Chem . F i n g e r p r i n t s i m p o r t F i n g e r p r i n t M o l s
from r d k i t . Chem . A t o m P a i r s i m p o r t P a i r s
from r d k i t . Chem . A t o m P a i r s i m p o r t T o r s i o n s
from r d k i t . Chem i m p o r t E S t a t e
from scm . p l a m s i m p o r t ⇤
d e f full_DIMQM_DRF ( q m _ r e g i o n _ f i l e n a m e , d r f _ r e g i o n _ f i l e n a m e ,
input_settings , drf_charges_type

= ’MDC-q c h a r g e s ’ ,

d r f _ f r a g m e n t _ s e t t i n g s=None ) :
’’’
The main program r e a d s t h e QM and DRF r e g i o n s ,

s p l i t s t h e DRF

r e g i o n i n t o u n i q u e m o l e c u l e s , co mputes t h e a t o m i c c h a r g e s o f a
s i n g l e DRF m o l e c u l e f o r e a c h u n i q u e t y p e , a s s i g n e s t h e a t o m i c
c h a r g e s and a t o m i c p o l a r i z a b i l i t i e s

for

a l l t h e DRF m o l e c u l e s and

d e f i n e s t h e QM_DRF s e t t i n g s
’’’
qm_region

= Molecule ( qm_region_filename )

drf_region = Molecule ( drf_region_filename )
d r f _ r e g i o n . guess_bonds ( )
drf_molecules = drf_region . separate ()
unique_drf_molecules = get_unique_drf_molecules ( drf_molecules )
charges =

fragment_DRF_charges ( u n i q u e _ d r f _ m o l e c u l e s ,

drf_charges_type , drf_fragment_
settings )
drf_sett = make_final_drf_settings ( unique_drf_molecules , charges )
qm_settings = i n p u t _ s e t t i n g s + d r f _ s e t t
f u l l _ d r f _ j o b = ADFJob ( m o l e c u l e=qm_region , s e t t i n g s=q m _ s e t t i n g s ,
name= ’ADF_DRF ’ )
f u l l _ d r f _ j o b . run ( )
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d r f _ e n e r g y = f u l l _ d r f _ j o b . r e s u l t s . r e a d k f ( ’ E n e r g y ’ , ’ Bond E n e r g y ’ )
p r i n t ( ’ Bonding e n e r g y : %f k c a l / mol ’ % U n i t s . c o n v e r t ( d r f _ e n e r g y ,

’

au ’ , ’ k c a l / mol ’ ) )
def get_unique_drf_molecules ( drf_molecules ) :
’’’
The DRF m o l e c u l e s a r e

c l a s s i f i e d as ’ unique ’ , according to t h e i r

c h e m i c a l f o r m u l a and t h e i r c o n f o r m a t i o n
’’’
c l a s s i f i e d _ m o l e c u l e s = {}
f o r mol i n d r f _ m o l e c u l e s :
f o r m u l a = mol . g e t _ f o r m u l a ( )
i f not ( formula i n
c l a s s i f i e d _ m o l e c u l e s . keys () ) :
classified_molecules [
formula ] = [ ]
c l a s s i f i e d _ m o l e c u l e s [ f o r m u l a ] . append ( mol )
u n i q u e _ d r f _ m o l e c u l e s=d o u b l e _ c h e c k ( c l a s s i f i e d _ m o l e c u l e s
)
return unique_drf_molecules
def double_check ( c l a s s i f i e d _ m o l e c u l e s ) :
’’’
For a g i v e n formula , t h i s f u n c t i o n c hec ks
d i s t o r t e d molecules ,

i f so ,

if

there are isomers or

i t makes a new ’ u n i q u e ’ m o l e c u l e

list

’’’
c h e c k e d _ m o l e c u l e s ={}
f o r formula , molecules i n c l a s s i f i e d _ m o l e c u l e s . items () :
m o l _ f i l e=open ( ’ mol_formula ’ , ’w ’ )
m o l _ c o n t e n t= ’ ’
f o r mol i n m o l e c u l e s :
mol . w r i t e ( f i l e n a m e= ’ tmp . mol ’ , o u t p u t f o r m a t= ’ mol ’ )
t m p _ f i l e=open ( ’ tmp . mol ’ , ’ r ’ )
m o l _ c o n t e n t+= t m p _ f i l e . r e a d ( )
m o l _ c o n t e n t+= ’ $$$$ \n ’
tmp_file . c l o s e ()
m o l _ f i l e . w r i t e ( mol_content )
mol_file . close ()
s u p p l = Chem . S D M o l S u p p l i e r ( ’ mol_formula ’ , removeHs=F a l s e )
threshold = 0.5
target_mol = [ ( suppl [ 0 ] , formula ) ]
isomer_index = 0
f o r mol_a , plams_mol i n z i p ( s u p p l , c l a s s i f i e d _ m o l e c u l e s [ f o r m u l a
]) :
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found = F a l s e
f o r t a r g e t i n target_mol :
mol_b = t a r g e t [ 0 ]
formula_isomer = t a r g e t [ 1 ]
rms = AllChem . GetBestRMS ( mol_a , mol_b )
i f rms < t h r e s h o l d :
i f not ( formula_isomer i n checked_molecules . keys ( ) ) :
checked_molecules [ formula_isomer ] = [ ]
o l d _ o r d e r = l i s t ( Chem . C a n o n i c a l R a n k A t o m s ( mol_a ) )
t a r g e t _ o r d e r = l i s t ( Chem . C a n o n i c a l R a n k A t o m s ( mol_b ) )
r e o r d e r i n g ( plams_mol , o l d _ o r d e r , t a r g e t _ o r d e r )
c h e c k e d _ m o l e c u l e s [ f o r m u l a _ i s o m e r ] . append ( plams_mol )
f o u n d = True
break
i f not found :
f o r m u l a _ i s o m e r += " _isomer_ "+s t r ( i s o m e r _ i n d e x )
i f not ( formula_isomer i n checked_molecules . keys ( ) ) :
checked_molecules [ formula_isomer ] = [ ]
c h e c k e d _ m o l e c u l e s [ f o r m u l a _ i s o m e r ] . append ( plams_mol )
t a r g e t _ m o l . append ( ( mol_a , f o r m u l a _ i s o m e r ) )
i s o m e r _ i n d e x += 1
r e t u r n checked_molecules
d e f r e o r d e r i n g ( plams_mol , o l d _ o r d e r , t a r g e t _ o r d e r ) :
’’’
This f u n c t i o n guarantees that
unique ’ molecule

a l l the molecules f o r a given

’

l i s t h a v e t h e same atom-o r d e r , t h u s t h e c o r r e c t

assignment of the atomic charges i s

also ensured

’’’
o r d e r e d _ l i s t =[]
for

l a b e l in target_order :
n e w _ l a b e l=o l d _ o r d e r . i n d e x ( l a b e l )
o r d e r e d _ l i s t . append ( plams_mol . atoms [ n e w _ l a b e l ] )

plams_mol . atoms = o r d e r e d _ l i s t
return
def fragment_drf_charges ( checked_molecules , drf_charges_type ,
drf_fragment_settings ) :
c h a r g e s = {}
’’’
General s e t t i n g s , e i t h e r personal p r e f e r e n c e s or d e f a u l t s e t t i n g s ,
f o r the atomic charges c a l c u l a t i o n
’’’
if

d r f _ f r a g m e n t _ s e t t i n g s i s None :
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drf_settings = default_drf_settings ()
else :
drf_settings = drf_fragment_settings
f o r formula in checked_molecules :
drf_molecule = checked_molecules [ formula ] [ 0 ]
ADF_charges_job = ADFJob ( m o l e c u l e=d r f _ m o l e c u l e ,
drf_settings ,

s e t t i n g s=

name=
’ a d f _ c h a r g e s _ ’+f o r m u l a )

ADF_charges_job . r u n ( )
c h a r g e s [ f o r m u l a ] = ADF_charges_job . r e s u l t s . r e a d k f ( ’ P r o p e r t i e s ’
, drf_charges_type )
return charges
def default_drf_settings () :
’’’
Predefined settings

f o r the atomic charges c a l c u l a t i o n

’’’
sett = Settings ()
s e t t . i n p u t . B a s i s . Type = ’DZP ’
s e t t . i n p u t . XC [ ’_1 ’ ] = ’LDA ’
s e t t . i n p u t . N u m e r i c a l Q u a l i t y = ’ Normal ’
return sett
def make_final_drf_settings ( checked_molecules , charges ) :
’’’
I n p u t f o r t h e DRF p a r t , i n c l u d i n g t h e two DRF p a r a m e t e r s : a t o m i c
c h a r g e s and a t o m i c p o l a r i z a b i l i t i e s
’’’
Polvalues = drf_atomic_polarizabilities ()
f o r formula in checked_molecules :
f o r DRF_molecule i n c h e c k e d _ m o l e c u l e s [ f o r m u l a ] :
f o r atom , c h a r g e i n z i p ( DRF_molecule . atoms , c h a r g e s [ f o r m u l a
]) :
atom . c h a r=c h a r g e
f o r DRF_molecule i n c h e c k e d _ m o l e c u l e s [ f o r m u l a ] :
f o r atom i n DRF_molecule . atoms :
f o r a t o m t y p e i n atom . s y m b o l :
i f atomtype i n P o l v a l u e s :
atom . p o l=P o l v a l u e s [ a t o m t y p e ]
drf_sett = Settings ()
d r f _ s e t t . i n p u t .DIMQM =

" \n"

d r f _ s e t t . i n p u t .DIMQM += " DRF\n"
d r f _ s e t t . i n p u t .DIMQM += "END\n\n"
d r f _ s e t t . i n p u t .DIMQM += "DIMPAR\n"
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imol = 1
f o r formula in checked_molecules :
f o r DRF_molecule i n c h e c k e d _ m o l e c u l e s [ f o r m u l a ] :
imol = imol + 1
d r f _ s e t t . i n p u t .DIMQM+= ’GROUP mol ’+s t r ( i m o l )+ ’ \n ’
d r f _ s e t t . i n p u t .DIMQM+= s t r ( l e n ( DRF_molecule . atoms ) )+ ’ \n ’
f o r atom i n DRF_molecule . atoms :
d r f _ s e t t . i n p u t .DIMQM += ( atom . s t r ( s u f f i x = ’ p o l ={ p o l }
+

’

’ c h a r ={ c h a r } ’ )+" \n" )
d r f _ s e t t . i n p u t .DIMQM += ’SUBEND\n ’

d r f _ s e t t . i n p u t .DIMQM += "END\n"
return drf_sett
def drf_atomic_polarizabilities () :
’’’
L i s t of a v a i l a b l e atomic p o l a r i z a b i l i t i e s
’’’
P o l v a l u e s ={}
P o l v a l u e s [ ’H ’ ] = 2 . 7 9 2 7
P o l v a l u e s [ ’C ’ ] = 8 . 7 6 2 2
P o l v a l u e s [ ’N ’ ] = 5 . 2 6 6 3
P o l v a l u e s [ ’O ’ ] = 5 . 7 4 9 4
P o l v a l u e s [ ’F ’ ]=3.0013
P o l v a l u e s [ ’S ’ ]=16.6984
P o l v a l u e s [ ’ Cl ’ ]=16.1979
P o l v a l u e s [ ’ Br ’ ] = 2 3 . 5 7 1 4
P o l v a l u e s [ ’ I ’ ]=36.9880
return Polvalues
DIM_QM_DRF_plams . py
from DRF_python i m p o r t full_DIMQM_DRF
q m _ r e g i o n _ f i l e n a m e = ’qm . x y z ’
drf_region_filename = ’ d r f . xyz ’
settings = Settings ()
s e t t i n g s . i n p u t . B a s i s . Type = ’TZP ’
s e t t i n g s . i n p u t . XC [ ’_1 ’ ] = ’GGA BLYP ’
s e t t i n g s . i n p u t . N u m e r i c a l Q u a l i t y = ’ Normal ’
full_DIMQM_DRF ( q m _ r e g i o n _ f i l e n a m e , d r f _ r e g i o n _ f i l e n a m e , s e t t i n g s ,
d r f _ c h a r g e s _ t y p e= ’MDC-q

c h a r g e s ’ , d r f _ f r a g m e n t _ s e t t i n g s=

None )

To execute the script the user has to type in a terminal:
$ADFBIN/plams DIMQM_DRF_plams.py1
1

https://www.scm.com/doc/ADF/Examples/DIMQM_DRF_plams.html?highlight=plams+drf
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APPENDIX B

Theoretical Study of the Charge Transfer Exciton
Binding Energy in Semiconductor Materials for
Polymer:Fullerene Based Bulk Heterojunction Solar
Cells
B.1. Classical Trajectories
B.1.1. Geometrical Features of Force Field Optimized Structures. Ground
state force fields (FF) were used to simulate oligomer:fullerene derivatives blends. Initial
geometries were optimized at the DFT level, using the PBE functional with Grimme
dispersion corrections [1, 2] and the DZP basis set. GROMOS [3] FF geometries
were found to be similar to the fully optimized ones. Here, for example, the bond
length alternation of the DFT optimized PTB7-tetramer geometry is compared to the
one obtained from the FF optimized structure (see Figure B.1.1 and Table B1). As
PTB7 is a co-polymer, not only the C-C bond length between monomers is important
but also the C-C bond length in the monomer unit. The former is referred as intermonomer C-C bond (red-highlighted) and the latter is referred as intra-monomer C-C
bond (blue-highlighted). The C-C-C-S inter-monomer dihedral angles of PTB7 (see
the red arrows) from left to right are: 4, 100 and 351 and 2, 37 and 44 for the FFand DFT-optimized structures depicted in Figure B.1.1, respectively.

C-C-C-S

(a)FF-optimized geometry

C-C-C-S

(b)QM-optimized geometry
Figure B.1.1. PTB7-tetramer optimized structures.
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Table B1. Intra-monomer C-C bond length (in Å) and inter-monomer C-C bond
length (in Å) of FF-optimized (GROMOS) and QM-optimized (PBE with Grimme
dispersion correction and the DZP basis set) PTB7-tetramer geometries. Intramonomer and inter-monomer C-C labels correspond to C-C bonds from left to
right of Figure B.1.1. Also, averages per type (x̄) and over all types (X̄) of bond
(in Å) are listed.

1

Intra-monomer C-C
2
3
4

Inter-monomer C-C
1
2
3

FF

1.43

1.43

1.43

1.43

1.43

1.44

QM

1.44

1.43

1.43

1.44

1.43

1.44

x̄

1.43
1.44
X̄

C-H

C-C

C-O

C-F

C-S

FF

1.09

1.41

1.41

1.33

1.68

1.39

QM

1.09

1.41

1.41

1.35

1.75

1.40

B.1.2. Energy Equilibration of D:A Blends. Figures B.1.2 and B.1.3 show the
energy profile of selected [60]PCBM and [70]PCBM based blends, respectively, in a
NPT ensemble.
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Figure B.1.2. Smooth energy equilibration plots of selected [60]PCBM based
blends during 250 ps in a NPT ensemble. i:j indicates the i, j number of D,
A molecules in the blend.
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Figure B.1.3. Smooth energy equilibration plots of selected [70]PCBM based
blends during 250 ps in a NPT ensemble. i:j indicates the i, j number of D,
A molecules in the blend.

B.1.3. Validation of the Time Scale of the MD Simulations. Subsection
B.1.2 shows the trajectories of [60]PCBM and [70]PCBM based blends for 250 ps
of MD simulation. In order to test the influence of the MD time scale on the QM
calculations, the ECT , ECS and the ECT -b of D/A pairs obtained from a 40000 ps
(40 ns) frame were computed. The energy plots are shown in Figures B.1.4 and B.1.5.
As a representative example, the PEO-PPV:[60]PCBM blend, for which the energy
plot at 250 ps does not show a plateau but it does at 40000 ps, is analyzed. Table
B2 lists the lowest ECT , ECS and the ECT -b of three D/A pairs embedded in PEOPPV:[60]PCBM, whose D/A pair configurations were taken from a 40000 ps frame.
The ECS was computed as the diﬀerence between the IP and EA of the D/A pair. The
ECT -b was computed as the diﬀerence between the ECS and the ECT . It turns out
that the ECT , ECS and ECT -b s are in line with average values reported in Table 3
(Chapter 6) and Table B2, whose D/A pair configurations were obtained from a 250
ps NPT simulation. Thus, for properties as the ECT , ECS and ECT -b the D/A pair
configurations seem to not significantly depend on the overall energy equilibration of
the blend. For completeness, the local environment around a given D/A pair from a
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250 ps trajectory is compared with the one from a 40000 ps trajectory through the
averaged radial distribution function. For each blend, the radial distribution function
of a C atom of a given A molecule with respect to the remaining D and A molecules
along the whole trajectory was computed. The respective plots are shown in Figures
B.1.6 and B.1.7.
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Figure B.1.4. Smooth energy equilibration plots of selected [60]PCBM based
blends during 40000 ps in a NPT ensemble. i:j indicates the i, j number of
D, A molecules in the blend.
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Figure B.1.5. Smooth energy equilibration plots of selected [70]PCBM based
blends during 40000 ps in a NPT ensemble. i:j indicates the i, j number of
D, A molecules in the blend.
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Figure B.1.6. Averaged radial distribution function plots of a C atom of a given
A molecule with respect to the remaining D and A molecules in [60]PCBM based
blends in 1:1.5 D:A ratio.
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Figure B.1.7. Averaged radial distribution function plots of a C atom of a given
D molecule with respect to the remaining D and A molecules in [70]PCBM based
blends in 1:1.5 D:A ratio.

As it can be seen from Figures B.1.6 and B.1.7, the surrounding does not deviate
much along the trajectory, especially below a 1.5 nm (15 Å) radius. In Subsection
B.2.1 it will be demonstrated that outer MM shells do not significantly contribute to
the QM energies, thus, diﬀerences in the local environment at ⇠2 nm are negligible.
Table B2. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV, oscillator
strengths, f, excited state, S, and weight of HOMO (H) ! LUMO (L) transition of selected embedded PEO-PPV:[60]PCBM pairs.
ECT

f

S, H! L weight %

ECS

ECT -b

2.220

0.2415E-01

3,82.18

2.920

0.700

2.171

0.7867E-02

2,72.45

3.130

0.960

2.246

0.1660E-02

3,76.28

2.960

0.712

B.2. Charge Transfer Energy and Charge Transfer Exciton Binding Energy in
BHJs
B.2.1. Validation of the MM Embedding Radius . The embedding eﬀect on
the ECT , ECS and ECT -b is discussed in the main text. Here, the influence of the MM
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embedding radius on the studied properties is discussed. Table B1 reports the ECT ,
ECS and ECT -b of a few PTB7:[60]PCBM pairs embedded in two D:A box sizes, 3
and 3.5 nm. Enlarging the MM embedding radius from 3 to 3.5 nm leads to energies
within the average reported in Table 3 of the main text. The contribution to the DRF
energy from the outer MM layers is small therefore, it may be neglected. Thus, smaller
box sizes may be used for QM/MM calculations.

Table B1. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV, oscillator
strengths, f, excited state, S, and weight of HOMO (H) ! LUMO (L) transition of embedded PTB7/[60]PCBM pairs.
PTB7:[60]PCBM; 3 nm MM embedding
ECT

f

S, H! L weight %

ECS

ECT -b

1.993

0.9108E-03

1, 37.42

3.101

1.108

1.845

0.1692E-02

1, 91.97

2.855

1.010

1.883

0.2053E-02

1, 24.98

2.681

0.798

PTB7:[60]PCBM; 3.5 nm MM embedding
ECT

f

S, H! L weight %

ECS

ECT -b

1.999

0.1079E-02

1, 36.51

3.011

1.011

1.835

0.1789E-02

1, 91.83

2.815

0.979

1.874

0.2308E-01

1, 24.60

2.621

0.747

B.2.2. Excited State Properties of Embedded D/A Pairs . Tables B2 and
B3 list the lowest ECT , ECS and the ECT -b of D/A pairs embedded in [60]PCBM and
[70]PCBM based blends, respectively. For each blend, the excited states properties of
10 diﬀerent samples were computed. The ECS was calculated as the diﬀerence between
the IP and EA of the D/A pair. The ECT -b was obtained as the diﬀerence between
the ECS and the ECT .
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Table B2. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV, oscillator
strengths, f, excited state, S, and weight of HOMO (H) ! LUMO (L) transition of embedded [60]PCBM based pairs.
Blend

PEO-PPV:[60]PCBM

PTFB:[60]PCBM

PTB7:[60]PCBM

PTB7-Th:[60]PCBM
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ECT

f

S, H! L weight %

ECS

ECT -b

1.950

0.5436E-02

1, 71.72

2.660

0.710

2.511
2.413
1.954
2.740
2.700
2.691

0.2593E-02
0.4414E-03
0.5130E-03
0.6476E-03
0.1128E-01
0.1061E-02

6, 46.05
4, 45.93
1, 67.29
12, 52.45
9, 35.72
9, 90.65

3.241
3.132
2.751
3.201
3.771
3.175

0.730
0.718
0.796
0.461
1.070
0.484

2.041
1.708
2.218

0.3592E-02
0.3186E-01
0.1139E-02

1, 71.13
2, 76.38
3, 85.41

2.590
2.517
2.668

0.549
0.809
0.450

ECT
1.429
1.763
1.706
2.098
1.849

f
0.2629E-03
0.8495E-02
0.1063E-02
0.3894E-03
0.9754E-03

S, H! L weight %
1, 59.42
1, 90.00
1, 50.29
1, 71.13
1, 87.72

ECS
2.264
2.644
1.948
3.154
2.770

ECT -b
0.836
0.881
0.242
1.056
0.921

2.321
2.009
2.332
2.328
2.505

0.1313E-02
0.9908E-02
0.2224E-02
0.9605E-02
0.1968E-01

3.195
2.939
3.300
3.228
3.326

0.874
0.930
0.967
0.890
0.820

ECT
1.735
2.009
1.718

f
0.1978E-02
0.2104E-01
0.1047E-02

S, H! L weight %
1, 85.84
1, 79.97
1, 92.48

ECS
2.565
2.993
2.606

ECT -b
0.829
0.894
0.888

1.932
1.779
1.993
1.845
1.883
1.836

0.2379E-02
0.6202E-01
0.9108E-03
0.1692E-02
0.2053E-02
0.5991E-02

1, 92.57
1,77.61
1, 37.42
1, 91.97
1, 24.98
1,60.85

2.369
2.985
3.101
2.855
2.681
2.837

0.437
1.206
1.108
1.010
0.798
1.001

1.979

0.1136E-02

1, 74.73

3.063

1.083

ECT
1.928

f
0.1154

S, H! L weight %
1, 58.14

ECS
2.773

ECT -b
0.845

1.975
1.905
1.882
1.852
1.901
1.798

0.3091E-01
0.8265E-03
0.3940E-01
0.4038E-02
0.4286E-02
0.2431E-02

2,
1,
1,
1,
1,
1,

67.58
37.90
85.76
61.03
80.65
90.36

2.984
3.039
2.789
2.741
2.776
2.909

1.008
1.134
0.907
0.889
0.874
1.111

1.968
1.860
2.330

0.3604E-03
0.2187E-04
0.3142E-03

1, 86.82
2, 99.03
6, 41.30

2.401
3.050
3.031

0.438
1.190
0.701

4,
1,
3,
3,
5,

53.61
68.68
45.17
81.09
68.35

Table B3. CAM-B3LYP/DZP lowest ECT , ECS and ECT -b in eV oscillator
strengths, f, excited state, S, and weight of HOMO (H) ! LUMO (L) transition of embedded [70]PCBM based pairs.
Blend

PTFB:[70]PCBM

PTB7:[70]PCBM

PTB7-Th:[70]PCBM

ECT

f

ECS

ECT -b

2.135
2.131
2.316
2.382
2.523

0.1672E-02
0.1138E-05
0.2495E-02
0.4137E-02
0.2057

S, H! L weight %
3,
2,
3,
4,
5,

87.13
89.84
77.71
61.55
47.77

2.974
3.198
3.516
3.037
3.276

0.839
1.067
1.200
0.655
0.753

2.141
2.295
2.327
2.554
2.443

0.1327E-01
0.7912E-02
0.1177E-02
0.6604E-03
0.3592E-02

2,
3,
4,
5,
3,

45.46
61.24
43.54
44.86
58.20

3.058
3.218
3.289
3.302
3.223

0.917
0.923
0.963
0.749
0.779

ECT
1.990
1.842
2.127

f
0.5910E-02
0.4132E-02
0.2352E-01

ECS
2.870
2.850
2.907

ECT -b
0.880
1.008
0.780

1.896
2.303
2.004
2.003
2.132
1.848

0.2802E-03
0.4763E-02
0.2188E-02
0.1497E-01
0.4216E-02
0.9774E-02

84.77
31.25
64.90
59.24
39.85
77.98

1.776
3.058
2.873
3.275
2.777
2.897

-0.120
0.755
0.869
1.272
0.645
1.048

2.172

0.1095E-02

1, 93.95

2.951

0.779

ECT
2.271

f
0.3308E-01

H! L weight %
5, 23.74

ECS
3.024

ECT -b
0.753

1.847
1.823
1.881
2.302
2.072
2.100

0.2482E-01
0.1307E-01
0.2312E-01
0.1373E-01
0.5037E-02
0.8375E-01

2, 59.91
1, 68.68
1, 43.90
3, 87.91
3, 43.92
1, 61.17

2.433
2.646
2.657
3.207
2.396
2.783

0.586
0.822
0.776
0.905
0.324
0.683

1.936
1.852
2.168

0.2314E-01
0.2603E-02
0.2767E-02

1, 42.71
2, 87.63
4, 60.35

2.679
2.683
2.032

0.744
0.831
-0.136

S, H! L weight %
1, 44.78
2, 47.31
4, 40.70
1,
5,
1,
1,
3,
1,

Table B4 reports the DRF energy contributions in terms of the electrostatic conpol
tribution (Eelect
DRF ) and the polarization contribution (EDRF ) to the Eneutral , Ecation ,

Eanion and ECS for selected D/A pairs. Table B5 lists the Epol
DRF term when charges are
set to zero. The last is done to quantify the influence of the DRF energy contributions.
Figures B.2.1 and B.2.2 show the contour plots of the orbitals involved in the formation of the lowest CT state for a selected D/A pair configuration for each [60]PCBM
and [70]PCBM blends, respectively.
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Table B4. CAM-B3LYP/DZP EIP , EEA and ECS in eV of selected embedded
PTB7/[60]PCBM pairs. Also, the DRF energy contribution to the Eneutral ,
Ecation , Eanion and ECS in terms of the electrostatic contribution (Eelect
DRF in
eV) and the polarization contribution (Epol
in
eV)
is
given.
DRF
EIP

EEA

ECS

Eneutral
Eelect
Epol
DRF
DRF

Ecation
Eelect
Epol
DRF
DRF

Eanion
Eelect
Epol
DRF
DRF

ECS
Eelect
Epol
DRF
DRF

6.022

3.036

2.985

-1.354

-0.228

-1.739

-0.381

-0.931

-0.581

0.037

-0.507

6.342

3.241

3.101

-1.653

-0.257

-1.695

-0.452

-1.503

-0.645

0.107

-0.583

5.957

3.102

2.85

-0.930

-0.222

-1.284

-0.509

-0.602

-0.540

-0.028

-0.605

6.261

3.581

2.681

-1.358

-0.317

-1.458

-0.694

-1.635

-0.779

-0.377

-0.839

6.029

3.192

2.837

-1.198

-0.317

-0.968

-0.574

-1.187

-0.569

0.241

-0.510

Table B5. CAM-B3LYP/DZP Eelect
DRF(µ=0) energy contribution to the Eneutral ,
Ecation , Eanion and ECS of selected embedded PTB7/[60]PCBM pairs reported
in Table B4. Here, Eelect
DRF(µ=0) represents the contribution to the DRF energy when
charges are set to zero.
Eneutral

Ecation

Eanion

ECS

Epol
DRF(q=0)

Epol
DRF(q=0)

Epol
DRF(q=0)

Epol
DRF(q=0)

-0.186

-0.378

-0.511

-0.519

-0.218

-0.445

-0.582

-0.591

-0.236

-0.520

-0.553

-0.599

-0.273

-0.633

-0.718

-0.805

-0.266

-0.532

-0.618

-0.618

(a)PEO-PPV/[60]PCBM

(c)PTB7/[60]PCBM

(b)PTFB/[60]PCBM

(d)PTB7Th/[60]PCBM

Figure B.2.1. Molecular orbital contour plots of the lowest CT state for
oligomer/[60]PCBM based blends. Double isosurfaces, blue/red and cyan/purple,
with iso-value of 0.03 a. u. represent the hole on the D molecule and electron on
the A molecule, respectively.
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(a)PTFB/[70]PCBM

(b)PTB7/[70]PCBM

(c)PTB7Th/[70]PCBM
Figure B.2.2. Molecular orbital contour plots of the lowest CT state for
oligomer/[70]PCBM based blends. Double isosurfaces, blue/red and cyan/purple,
with iso-value of 0.03 a. u. represent the hole on the D molecule and electron on
the A molecule, respectively.
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Summary
This dissertation concerns fundamental research on the photo-excitation processes in
organic optoelectronics, where theoretical chemistry and computational modelling are
used in order to investigate large scale material properties and predict more eﬃcient
energy technologies.
Chapter 1 opens the thesis with the fundamentals of electronic and optoelectronic
processes in organic photovoltaics. It covers diﬀerent device architectures from which
donor:acceptor (D:A) bulk heterojunctions (BHJs) are highlighted. This Chapter also
describes some of the current challenges in terms of power conversion eﬃciency. These
are the charge transfer exciton binding energy, the presence of non-radiative decay
channels and the device morphology. Throughout this thesis, the properties of electronically excited state are studied in great detail while the morphology is discussed
briefly.
Chapter 2 outlines the general objective of this dissertation, namely to study theoretically and computationally the microscopic processes that underly the photovoltaic
mechanisms at large scale. The specific objectives are to improve the technical implementation of the discrete reaction field (DRF) method in the Amsterdam Density
Functional (ADF) modelling suite, to study charge transfer and charge separation processes such as those in large D:A BHJs and to explore the potential energy surfaces
(PESs) of representative optoelectronic materials.
Chapter 3 describes the electronic structure methods, wave function and electron
density based methods, used in this thesis. Single- and multi-determinant wave function
methods are described first, followed by density functional theory (DFT). DRF, which
is widely used in the modelling of polarizable environments, is also introduced. In
Chapters 4 to 6, DFT is used to study the excited state properties of photovoltaic
materials. In Chapter 7, in addition to DFT, complete active space self-consistent field
(CASSCF) and complete active space second order perturbation theory (CASPT2)
methods are used to determine non-radiative decay paths in optoelectronic materials.
Chapter 4 presents technical work carried out at the company Software for Chemistry & Materials (SCM), involving an extended implementation of default input parameters required to perform DFT/DRF calculations with ADF. This implementation
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enables the accurate description of electrostatic potentials and dipole-dipole interactions in large system. The DRF input script for ADF is provided as supplementary
information.
Chapter 5 reports a calibration of exchange-correlation functionals for charge transfer states. It shows the importance of including long-range exchange-correlation functionals when studying intra- and inter-molecular charge transfer states. The influence of
the environment on the charge transfer is included via DRF. The computing timings are
also included to show that DRF models the polarizable environment very well, without
significant additional computing time. Such a calibration turns out to be very useful
when computing the excited state properties of polymer:fullerene derivative BHJs, as
discussed in Chapter 6.
Chapter 6 provides a theoretical study of the charge transfer exciton binding
energy in semiconductor materials for BHJs. It covers four oligomers (PEO-PPV,
PTFB, PTB7 and PTB7-Th), two fullerene derivatives ([60]PCBM and [70]PCBM)
and eight oligomer:fullerene derivative BHJs (all the possible combinations between the
four oligomers and the two fullerene derivatives). The absorption properties of single
oligomers and fullerene derivatives and the excited state properties of oligomers:fullerene
derivative BHJs are studied. Time-dependent density functional theory (TD-DFT) and
DRF in a quantum mechanics/molecular mechanics (QM/MM) framework are used in
order to compute the exciton binding energy from charge transfer and charge separated states. The results suggest that donor-acceptor (D-A) type oligomers (PTFB,
PTB7 and PTB7-Th) perform better than the highly polarizable donor type oligomer
PEO-PPV when blended to [60]PCBM or [70]PCBM. In addition, predicted charge
transfer exciton binding energies are lower when D-A-type oligomers are blended with
[70]PCBM. Mutual polarization eﬀects from QM and MM regions on the exciton binding energy play a crucial role in the charge separation process.
Chapter 7 describes an ab initio quantum chemistry study of luminescence in ⇡conjugated compounds with applications to optoelectronics. The non-radiative decay
mechanisms of the distyrylbenzene cyano-substituted (DCS) family are discussed. This
family comprises 33 compounds and is classified into two groups, ↵- and -compounds,
where ↵ and

refer to the position of the cyano groups with respect to the central

ring on the DSC backbone. The emissive character largely depends on the position
of the cyano substituents.

-compounds, according to the experimental fluorescence

quantum yields and computed non-radiative decay rates, tend to be more emissive
than ↵-compounds, with a few exceptions. A simplified strategy to explore the PESs
and predict diﬀerences in the non-radiative channels, activated by a conical intersection
between ground and excited states, is presented. From this strategy two energy descriptors are defined. These are the energy diﬀerence between ground and excited states
in the Franck-Condon region, namely the absorption energy, and the energy diﬀerence
between ground and excited states in the pyramidalization region, which is the region
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immediately before reaching the conical intersection. A good correlation between the
non-radiative decay rates and the two energy descriptors is found.
Chapter 8 suggests two ways for continued studies of photo-excitation processes
in organic photovoltaics, based on the implementation of DFT/DRF energy gradients
for the ground and excited states as well as electronic coupling and decay rates from
non-orthogonal configuration interaction calculations.
Chapter 9 closes the thesis with general conclusions and an outlook for large scale
modeling research on next generation organic optoelectronics.
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Samenvatting
Deze dissertatie betreft fundamenteel onderzoek aan de fotoëxcitatieprocessen in
organische fotoëlectronische materialen. Daarbij worden theoretische chemie en computermodelleren gecombineerd om eigenschappen van bulk materiaal te bestuderen en
eﬃciëntere manieren van energietechnologie aan te geven.
In Hoofdstuk 1 worden de grondslagen van (foto)electronische processen besproken, alsmede de verschillende materialen, met de nadruk op donor:acceptor (D:A)
bulk heterojunctions (BHJs). Ook enkele van de tegenwoordige uitdagingen komen
aan bod: de bindingsenergie van het ladingsoverdracht exciton, de aanwezigheid van
stralingsloze vervalkanalen en de architectuur van apparaten. Vervolgens worden de
eigenschappen van aangeslagen toestanden in detail bestudeerd, terwijl de morfologie
kort wordt beschreven.
Hoofdstuk2 geeft een overzicht van het algemene doel van dit proefschrift: een
theoretische studie van de microscopische processen die ten grondslag liggen van de
fotovoltaïsche mechanismen in macroscopische materialen. Meer specifiek:
• het verbeteren van de techische implementatie van het omgevingsmodel discrete reaction field ( DRF) in het quantumchemische rekenpakket Amsterdam
Density Functional (ADF)
• de bestudering van ladingsoverdracht- en ladingsscheidingprocessen, zoals in
grote D:A BHJs

• studie van potentiële energie-oppervlakken (PESs) van representatieve fotoëlectronische materialen.

In Hoofdstuk 3 wordt een overzicht gegeven van de hier gebruikte (reken) methoden
voor het bepalen van de electronenstructuur:
• één- en meer-determinant golﬀunctiemethoden: complete active space selfconsistent field (CASSCF) en complete active space second order perturbation (CASPT2) methoden om stralingsloze vervalpaden in fotoelectronische
materialen op te sporen
• density functional theory (DFT) voor het bestuderen van de eigenschappen
van aangeslagen toestanden in fotovoltaïsche materialen

• DRF voor het beschrijven van een polariseerbare omgeving.

Hoofdstuk 4 is het verslag van technisch werk, uitgevoerd bij Software for Chemistry &
Materials (SCM), bestaat uit een uitgebreide implementatie van de invoer van default
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parameters voor het uitvoeren van DFT/DRF berekeningen. Het DRF invoerscript is
als "ondersteunende informatie" bijgevoegd.
Hoofdstuk 5 is het verslag van een calibratie van exchange-correlatie functionalen voor ladingsoverdracht toestanden. Daar wordt het belang aangetoond van
lange-afstand exchange-correlatie functionalen in studie van intra- en inter-moleculaire
ladingsoverdracht. De invloed van de omgeving op ladingsoverdracht wordt in rekening gebracht met behulp van DRF. Ook de rekentijden zijn hier opgenomen om te
laten zien dat DRF de polariseerbare omgeving heel goed weergeeft, zonder dat het
tot significant meer rekentijd leidt. Deze calibratie blijkt erg nuttig bij het berekenen
van eigenschappen van aangeslagen toestanden van polymeer:fullereenderivaten BHJs,
zoals besproken in het volgende hoofdstuk.
Hoofdstuk 6 geeft een studie weer van de bindingsenergie van het ladingsoverdrachtexciton in halfgeleidende materialen voor BHJs. Deze studie omvat vier oligomeren (PEO-PPV, PTFB, PTB7 en PTB7-Th), twee fullereenderivaten ([60]PCMB en
[70]PCBM) en de acht combinaties van oligomeren met fullereenderivaten. Bestudeerd werden de absorptie-eigenschappen van de losse oligomeren en fullereenderivaten
en van de combinaties. Tijdsafhankelijke DFT(TD-DFT) en DRF in quantummechanische/moleculaire (QM/MM) berekeningen werden gebruikt voor het bepalen van de
bindingsenergiën in de ladingsoverdracht- en in de ladingsscheiding-toestanden. De resultaten geven de indruk dat D:A oligomeren (PTFB,PTB7 en PTB7-Th) gemengd met
[60]PCMB of [70]PCMB, het beter doen dan het zeer polariseerbare donor-oligomeer
PEO-PPV. Bovendien worden de bindingsenergiën lager voorspeld voor mengsels van
D:A oligomeren en [70]PCBM. Wederzijdse polarisatie van de QM en MM regio’s en
het eﬀect op de exciton bindingsenergie spelen een belangrijke rol in het ladingsscheidingproces.
Hoodstuk 7 beschrijft een ab initio quantummechanische studie van luminiscentie
in p-geconjugeerde verbindingen met toepassingen in fotoëlectronica. Besproken worden de stralingsloze mechanismen in de cyano-gesubstitueerde distyrylbenzeen (DSC)
familie. Deze familie omvat 33 verbindingen en wordt ondergebracht ↵- en -groepen,
waar ↵ en

verwijzen naar de positie van de cyanogroepen in het DSC backbone. Het

karakter van de emissie is grotendeels afhankelijk van de positie van de cyanogroepen.
Volgens de experimentele fluorescentie quantum opbrengsten en het berekende stralingsloze verval, neigen de

-verbindingen - met weinig uitzonderingen - een grotere

emissie te vertonen dan de ↵-verbindingen. Er wordt een vereenvoudige strategie voorgesteld voor het onderzoeken van de PE-oppervlakken en het voorspellen van verschillen
in de stralingsloze vervalkanalen. Van hieruit zijn twee energiedescriptoren gedefinieerd:

• het energieverschil tussen de grond- en de aangeslagen toestand in het FranckCondon gebied (d.w.z. de absorptie-energie)
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• het energieverschil tussen de grond- en de aangeslagen toestand in het pyramidalisatie gebied (d.w.z. het gebied onmiddellijk voor de conische doorsnijding).
Er wordt goede correlatie tussen de stralingsloze vervalsnelheden en de twee descriptoren gevonden.
In Hoofdstuk 8 worden twee paden voorgesteld voor vervolgonderzoek aan fotoëxcitatieprocessen in fotovoltaïsche materialen, gebaseerd op de implementatie van DFT/DRF energiegradiënten voor grond- en aangeslagen toestanden, en aan electronische
koppeling en vervalsnelheden met behulp van niet-orthogonale configuratie interactie
(NOCI) berekeningen.
Afgesloten wordt in Hoofdstuk9 met algemene conclusies en een vergezicht op het
op grote schaal modelleren van fotoëlectronische materialen van de volgende generatie.
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Resumen
La energía fotovoltaica a partir de materiales orgánicos representa una opción muy
atractiva, en términos de costo y flexibilidad, para generar electricidad. Sin embargo,
las bajas eficiencias alcanzadas hasta ahora limitan la producción de dispositivos fotovoltaicos a escala comercial. En el intento de superar las bajas eficiencias hoy en día se
dedican considerables esfuerzos en la investigación y el diseño de materiales orgánicos
así como de arquitecturas de dispositivos más eficientes. En particular esta tesis doctoral presenta un trabajo de carácter fundamental sobre los procesos de fotoexcitación en
dispositivos optoelectrónicos orgánicos, donde se usan química teórica y modelización
computacional para estudiar las propiedades de los materiales a gran escala y predecir
tecnologías energéticas más eficientes. Aquí se proponen nuevos materiales con aplicaciones prometedoras en el campo de dispositivos optolectrónicos orgánicos. Se presta
especial atención a los procesos de transferencia de electrones en sistemas grandes y a
la predicción de mecanismos no radiativos que, como se ha demostrado anteriormente
a través de modelización computacional, contribuyen a la disminución de la eficiencia
de los dispositivos.
Las celdas fotovoltaicas orgánicas (OPVs, por sus siglas en inglés para organic
photovoltaics) son dispositivos que convierten fotones en corriente eléctrica. La energía
solar es la fuente más atractiva; en tal caso, al dispositivo se le conoce como celda solar
y la electricidad se genera en al menos tres pasos. En primer lugar, el material absorbe
un fotón que conduce a un estado excitado o más precisamente a un excitón. Un excitón
es un par agujero y electrón con una energía de interacción fuerte. En segundo lugar,
el excitón se difunde a través del material hasta que la fuerza que mantiene unidos
al electrón y el agujero se desvanece. La energía necesaria para romper el excitón se
conoce como la energía de enlace del excitón (Eb , por sus siglas en inglés para exciton
binding energy). La disociación de excitones no es fácil de lograr, de hecho es una de
las más importantes limitaciones en la generación de electricidad, y en muchos casos se
producen pérdidas por por procesos competitivos de decaimiento. En tercer lugar, las
cargas individuales, electrones y agujeros, se transportan a los electrodos dando lugar
al almacenamiento y flujo de corriente.
Los esfuerzos por comprender y controlar el funcionamiento de las OPVs han dado
lugar a muchas arquitecturas de dispositivos, que van desde una sola capa conductora a mezclas hetérogeneas (BHJs, por sus siglas en inglés para bulk heterojunctions)
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compuestas de moléculas de tipo dador:aceptor (D:A). Entre estos dos extremos se
encuentran los dispositivos que superponen o intercalan capas de tipo D/A. Los dispositivos de capas individuales son los más simples, pero también las menos eficientes ya
que en éstos el excitón tiende a decaer al estado fundamental por lo que la separación
de carga no se dá. Los dispositivos de capas múltiples, ya sean en forma de intercalación
de sistemas D/A o en BHJs, combinan moléculas con diferentes potenciales para superar la Eb . En este contexto, la molécula D (o material portador de agujeros) exhibe
un bajo potencial de ionización y la molécula A (o material portador de electrones)
exhibe una alta afinidad electrónica. Se cree que en las arquitecturas de capa múltiple,
la generación de carga se produce a través de procesos de transferencia de carga (CT,
por sus siglas en inglés para charge transfer) entre moléculas D y A que conducen a
estados separados de carga (CS, por sus siglas en inglés para charge separated). Sin
embargo, las BHJs, con un número mayor de interpenetración entre moléculas D/A
dispersas en la mezcla, tienen más interfaces de tipo D/A y, en consecuencia, tienen
más sitios activos para que la disociación del excitón de transferencia de carga (ECT -b ,
por sus siglas en inglés para charge transfer exciton binding energy) tenga lugar. Esto
último convierte a las BHJs en dispositivos mucho más eficientes que aquellos de capas
múltiples.
Por otra parte se sabe que las propiedades ópticas y eléctricas de los materiales
orgánicos dependen en gran medida de su estructura electrónica. Tales propiedades
además están determinadas por factores intermoleculares, los cuales a su vez están
controlados por la morfología. Por ejemplo, las propiedades de absorción y emisión de los
materiales conjugados pueden ser diferentes en medios diluidos y condensados. Algunos
compuestos pueden ser altamente emisivos en soluciones diluidas, sin embargo, pueden
volverse débilmente luminiscentes cuando se fabrican en estado sólido (por ejemplo en
películas delgadas). Por otra parte, también existen materiales orgánicos que exhiben
el fenómeno de mejora de la luminiscencia en estado sólido (SLE, siglas en inglés para
solid luminescence enhancement). Tales compuestos son capaces de hacer una rotación
libre del sistema conjugado que cambia las propiedades ópticas en función del estado
físico. Estos materiales son no luminiscentes en solución pero se vuelven luminiscentes
en estado sólido, como consecuencia de un autoensamblaje de cristal restringido del
sistema conjugado.
A esta clase de compuestos pertenecen los derivados de distirilbenceno (DSB, por
sus siglas en inglés para distyrylbenzene). Dependiendo de la naturaleza de los sustituyentes y de la posición del sustituyente, sustitución simple (en la unidad de vinilo o en
los grupos fenilo) o sustitución múltiple (en el sistema conjugado DSB), las propiedades
de fotoluminiscencia pueden verse afectadas de manera parcial o significativa, lo que
lleva a compuestos emisivos y no emisivos en estado sólido. La familia DSB di-ciano
funcionalizada, a saber, DCS, es un ejemplo representativo del fenómeno SLE. Dentro de la familia DCS, se encuentran ejemplos de compuestos que son no emisivos en
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solución pero son altamente emisivos en estado sólido. También hay ejemplos de compuestos que son no emisivos en solución y en estado sólido. En tales casos se cree que
existe una fuerte dependencia entre la estructura y las propiedades de fotoluminiscencia. Esta hipótesis podría ser confirmada por experimentos de espectroscopia resuelta
en el tiempo, sin embargo, tales experimentos no son fáciles de realizar ni siempre factibles. Alternativamente, la química teórica y modelización computacional se pueden
usar para comprender las propiedades luminescentes en compuestos conjugados. Por
supuesto, la precisión en la predicción de tales propiedades depende de una descripción
adecuada de los estados excitados y de los recursos computacionales.
Esta tesis pretende ser de fácil lectura, se ha estructurado de tal manera que cada
Capítulo es autónomo aunque ciertamente los primeros Capítulos introducen al lector
en el campo de los estados excitados en dispositivos optoelectrónicos orgánicos. Un
resumen simplificado para cada Capítulo se presenta a continuación.
En el Capítulo 1 se describen los fundamentos de los procesos electrónicos y optoelectrónicos que tienen lugar en la operación de OPVs. Se describen las características
que deben exhibir los materiales orgánicos con aplicaciones a celdas solares, a saber,
un pequeño intervalo de banda, grandes momentos dipolares inducidos y fragmentos
polarizables. Se introducen algunos de los desafíos actuales en términos de eficiencia
de conversión de energía. Éstos son la ECT -b , la presencia de canales de decaimiento
no radiativo y la morfología del material. A lo largo de esta tesis, se estudian detalladamente las propiedades del estado excitado mientras que se discute brevemente lo
referente a morfología del material.
En el Capítulo 2 se exponen los objetivos de esta tesis. El objetivo general es
estudiar teóricamente los procesos microscópicos que subyacen a los mecanismos fotovoltaicos a gran escala. Los objetivos específicos son mejorar la implementación del
método de campo de reacción discreto (DRF, por sus siglas en inglés para discrete
reaction field) en el paquete computacional Amsterdam Density Functional (ADF),
estudiar los procesos de transferencia y separación de carga que ocurren en BHJs compuestas por moléculas D:A, así como explorar las superficies de energía potencial (PESs,
por sus siglas en inglés para potential energy surfaces) de materiales optoelectrónicos
representativos.
En el Capítulo 3 se explican los diferentes métodos de estructura electrónica, de
función de onda y densidad electrónica, utilizados en esta tesis. En primer lugar, se
presentan los principios del método de Hartree-Fock, como la base de los métodos de
función de onda ab initio. En segundo lugar, se describen los métodos post-HartreeFock y los métodos basados en la teoría de la perturbación, particularmente los métodos
de campo autoconsistente de espacio activo completo (CASSCF, por sus ingles para
complete active space self-consistent field) y de perturbaciones hasta segundo orden de
espacio activo completo (CASPT2, por sus ingles para complete active space secondorder perturbation theory). En tercer lugar, se describen los métodos basados en la
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teoría del funcional de la densidad (DFT, por sus siglas en inglés para density functional
theory) dentro del modelo Kohn-Sham. A continuación, se resume la formulación de
la teoría del funcional de la densidad-dependiente del tiempo (TD-DFT, por sus siglas
en inglés para time-dependent density functional theory). También se presenta una
breve descripción de dos modelos para tratar sistemas moleculares de gran tamaño,
el modelo de continuo polarizable (PCM, por sus siglas en inglés para polarizable
continuum model) y el método DRF. Finalmente, se discute la aplicación de los métodos
para describir procesos no adiabáticos y la determinación de intersecciones cónicas
(CoIns). A lo largo de la tesis se encuentran aplicaciones de estos métodos de estructura
electrónica. En los capítulos 4 a 6, la DFT se utiliza para estudiar las propiedades
de estados excitados de materiales fotovoltaicos. En el Capítulo 7 se usan, además
del método TD-DFT, los métodos CASSCF y CASPT2, para determinar las rutas de
decaimiento no radiativo en materiales optoelectrónicos.
En el Capítulo 4 se presenta el trabajo técnico realizado en la compañía Software
for Chemistry & Materials (SCM, en Amsterdam, Países Bajos), el cual es una implementación extendida del método DFT/DRF en el paquete ADF. DRF es un método
utilizado en el modelado de propiedades de respuesta molecular bajo efectos del solvente. DRF generalmente se usa en el contexto de los métodos híbridos, por ejemplo
DFT/DRF, donde se combinan diferentes niveles de teoría. Comúnmente el sistema se
divide en dos subsistemas conocidos como mecánica cuántica (QM, por sus siglas en
inglés para quantum mechanics) y mecánica molecular (MM, por sus siglas en inglés
para molecular mechanics), los cuales comprenden unas pocas moléculas (e incluso
una molécula) y el resto del sistema molecular, respectivamente. Las etiquetas QM
y MM refieren a los niveles de teoría QM y MM, con los cuales se describen estos
subsistemas, respectivamente. Con DRF, el solvente o entorno se simula mediante un
potencial de interacción efectivo vía cargas puntuales y polarizaciones atómicas. De
este modo, el entorno responde al subsistema QM, los dipolos inducidos interactúan
entre sí en el subsistema MM e interactúan nuevamente con el subsistema QM. La implementación extendida de los parámetros requeridos para realizar cálculos DFT/DRF
con ADF permite la descripción precisa de potenciales electrostáticos e interacciones
de tipo dipolo-dipolo en sistemas grandes.
En principio se pueden utilizar varias metodologías para obtener cargas atómicas,
incluidas aquellas basadas en una representación de la función de onda molecular, como
las cargas de Mulliken y Weinhold (análisis de población natural (NPA, por sus siglas en
inglés para natural population analysis)), o aquellas basadas en la densidad electrónica
en función del espacio, como Hirshfeld, Bader, Voronoi y cargas derivadas de multipolos (MDCs, por sus siglas en inglés para multipole derived charges). Dentro de este
conjunto de metodologías, las MDCs son particularmente atractivas ya que representan
adecuadamente el campo eléctrico dentro de una molécula y reproducen con precisión
el potencial externo (electrostático). Lo último se debe a la expansión multipolo de
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la distribución de carga. Las cargas atómicas obtenidas por una expansión multipolo
(momentos de cuadrupolo, octuple, ..., ) conservan la carga total y el momento dipolar
de la molécula. En el análisis de MDCs, basado en el análisis de la carga de dipolo
conservado (DPC, por sus siglas en inglés para dipole preserving charge), la densidad
de carga molecular se escribe como una suma de densidades atómicas de tal manera
que el potencial electrostático fuera de la distribución de carga se define con precisión.
La polarizabilidad, segundo parámetro de entrada para cálculos DRF, es una propiedad mediante la cual la distribución de carga en un subsistema QM o MM se modifica en respuesta a su entorno. La polarizabilidad molecular, construida a partir de
polarizabilidades atómicas, debe garantizar interacciones dipolo-dipolo adecuadas dentro del subsistema MM y entre los subsistemas MM y QM. Esta última condición es
crucialmente importante en interacciones dipolo-dipolo a distancias cortas, donde la
polarizabilidad tiende al infinito, lo que se conoce como catástrofe de polarización. Una
forma de obtener una polarizabilidad libre de interacciones dipolo-dipolo poco realistas
consiste en reemplazar las cargas puntuales por una distribución de carga amortiguada. Por ejemplo, los modelos de polarización dipolo inducida Thole y Jensen utilizan
distribuciones de carga exponencial y gaussiana, respectivamente, para evitar la sobrepolarización en las interacciones electrostáticas de corto alcance.
En el Capítulo 5 se reporta la calibración de los funcionales de intercambio y
correlación para la determinación de estados CT. Se demuestra la importancia de incluir
funcionales de intercambio y correlación de largo alcance al estudiar estados CT intrae inter-molecular. Se incluyen los efectos del entorno molecular en la CT a través del
método DRF. En este Capítulo se explica, a partir de cálculos de TD-DFT, por qué los
funcionales de largo alcance en combinación con las funciones de polarización como
conjuntos de bases, se requieren para una descripción adecuada de los estados excitados
y particularmente de los estados CT. Al combinar TD-DFT y DRF, se demuestra
que 1) DRF reproduce cualitativamente las energías de excitación de TD-DFT, 2)
DRF reduce significativamente el tiempo de cálculo respecto a cálculos de TD-DFT
puros, 3) DRF modela muy bien el entorno polarizable, sin un tiempo de computación
adicional significativo y 4) el funcional de intercambio y correlación CAM-B3LYP en
combinación con funciones de polarización como los conjuntos de bases conducen a
energías de excitación comparables a aquellas en las que el sistema grande se trata por
completo a nivel de mecánica cuántica. Esta calibración de funcionales de intercambio
y correlación para TD-DFT resulta ser muy útil cuando se calculan las propiedades de
estado excitado en BHJs, tal como se discute en el Capítulo 6.
En el Capítulo 6 se presenta un estudio teórico de la ECT -b en semiconductores
para BHJs. El estudio de BHJs incluye cuatro oligómeros (PEO-PPV, PTFB, PTB7 y
PTB7-Th), dos derivados de fullereno ([60]PCBM y [70]PCBM) y ocho BHJs (incluyendo todas las combinaciones posibles entre los cuatro oligómeros y los dos derivados
de fullereno). En este Capítulo se estudian las propiedades de absorción de luz en
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oligómeros y derivados de fullereno por separado así como también las propiedades
de estados excitados en BHJs. Se utilizan DFT, TD-DFT y DRF en el marco de un
esquema de QM/MM para calcular la ECT -b , a partir de los estados CT y CS. A
través de cálculos TD-DFT, particularmente con el funcional intercambio y correlación
CAM-B3LYP, se deduce que la relativa orientación de moléculas D:A en las mezclas
influyen fuertemente en la disociación del excitón. Se demuestra que la inclusión de
muchas moléculas D:A como parte del entorno es fundamental para simular las condiciones experimentales. Además, se demuestra que la estabilización de los estados CT
y CS en los pares D/A inducida por el entorno se puede tomar en cuenta de manera
efectiva al combinar DFT/TD-DFT con el método DRF. Se confirma que los estados
CS, difieren entre sí dependiendo de si se simulan como estados aislados o integrados
a una matriz molecular grande. Además se observa una estabilización más pronunciada
en los estados CS que en los estados CT. Los resultados, en términos de las ECT -b
sugieren que las mezclas de oligómeros de tipo D-A (PTFB, PTB7 y PTB7-Th) y
[60]PCBM o [70]PCBM son más eficientes que las mezclas del oligómero de tipo D
altamente polarizable PEO-PPV y [60]PCBM o [70]PCBM. Sin embargo, las condiciones experimentales para la producción de celdas solares a base de estos materiales no
han sido establecidas ni optimizadas. Por otra parte, las ECT -b predichas son menores
en BHJs formadas por oligómeros de tipo D-A y [70]PCBM. Se demuestra que los
efectos de polarización mutua de las regiones QM y MM en la ECT -b desempeñan
un papel crucial en el proceso de separación de carga. Estos resultados sugieren que
nuestro modelado del proceso de CT en BHJs se puede usar para explorar las propiedades de absorción y conductividad eléctrica en semiconductores (novedosos), y es una
guía para simulaciones o experimentos adicionales sobre el rendimiento de las celdas
solares basadas en fullereno. Como observación final, creemos que en la búsqueda del
diseño de nuevos materiales para celdas solares orgánicas, los materiales polarizables
como copolímeros de tipo D-A son de vital importancia no solo para los dispositivos
basados en derivados de fullereno sino también para los dispositivos basados en moléculas aceptoras pequeñas. Como consecuencia, para la predicción del comportamiento
microscópico de los materiales fotovoltaicos orgánicos, la inclusión del entorno molecular como medio polarizable en los cálculos de la mecánica cuántica es decisiva. Uno de
los principales desafíos pendientes es comprender el papel de la orientación molecular
en la separación de carga.
En el Capítulo 7 se realiza un estudio de química cuántica ab initio de luminiscencia en compuestos ⇡-conjugados con aplicaciones en optoelectrónica. Se discute los
mecanismos de decaimiento no radiativo de la familia DCS. Esta familia comprende 33
compuestos y se puede clasificar en dos grupos, ↵ y

, donde ↵ y

se refieren a la

posición de los grupos ciano con respecto al anillo central en el sistema DSC. Presenta
una estrategia simplificada para explorar las PESs y predecir la presencia de canales
no radiativos, los cuales se activan a través de una CoIn entre los estados fundamental
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(S0 ) y excitado (S1 ). Se asume que la CoIn responsable de la conversión interna se
alcanza mediante cambios geométricos de S1 incluyendo el alargamiento del enlace de
vinilo junto con la torsión y piramidalización alrededor de dicho enlace. Esta estrategia
se compara y valida con etileno, estireno y estilbeno, moléculas para las cuales se pueden calcular analíticamente las CoIns a un bajo coste computacional. El mecanismo de
decaimiento no radiativo en los compuestos ↵ y

se estudia posteriormente mediante

la combinación de los métodos DFT, TD-DFT, CASSCF y CASPT2. Se concluye que
el carácter emisivo depende en gran medida de la posición de los sustituyentes ciano.
Los compuestos , de acuerdo con los rendimientos cuánticos de fluorescencia experimentales y las velocidades de decaimiento no radiativas calculadas, tienden a ser más
emisivos que los compuestos ↵, con algunas excepciones.
La posición de los sustituyentes ciano 1) sintoniza la estructura electrónica de S1
en la región de Franck-Condon (FC) y la de S0

y modula S1

en las regiones más

cercanas a la degeneración entre estos estados, 2) gobierna los rendimientos cuánticos
de fluorescencia y 3) determina las velocidades de decaimiento no radiativo. S1

en la

región FC se estabiliza dependiendo del número de estructuras de resonancia. S1 en la
región piramidal se estabiliza dependiendo del carácter electron-atrayente de los grupos
conectados directamente al enlace vinílico. A partir de esta estrategia simplificada para
determinar caminos de decaimiento no radiativos se definen además dos descriptores
de energía. Estos son la diferencia de energía entre S0

y S1 en la región de FC,

es decir, la energía de absorción, y la diferencia de energía entre los S0

y S1 en la

región de piramidalización, que es la región inmediatamente antes de alcanzar la CoIn.
En general, se encuentra una buena correlación entre las constantes de velocidad de
decaimiento no radiativo y los dos descriptores de energía.
En el Capítulo 8 se sugieren dos posibles líneas de investigación para extender el
estudio de los procesos de fotoexcitación en dispositivos orgánicos, a saber, implementar los gradientes de energía DFT/DRF para los estados fundamental y excitados, así
como calcular el acoplamiento electrónico y las velocidades de decaimiento a través del
método de interacción de configuración no ortogonal (NOCI, por sus siglas en inglés
para non-othogonal configuration interaction). La implementación de los gradientes
analíticos de energía QM/DRF para estados excitados es una tarea complicada dado
que las interacciones de polarización mutua entre los subsistemas QM y MM se determinan mediante un procedimiento iterativo de campo autoconsistente. Por otra parte,
la ventaja de usar una función de onda derivada del método NOCI es que ésta cubre
la relajación de los orbitales y los efectos de correlación estática, que no se tienen en
cuenta cuando se utiliza funciones de onda expandidas en una base ortogonal. Otra
ventaja es la facilidad con la que se interpretan las funciones de onda molecular. Una
desventaja es que la no ortogonalidad complica el cálculo de los elementos de la matriz
hamiltoniana, dado que su dimensión escala con el número de funciones de estado de
configuración en las que se expresa la función de onda NOCI. Otra limitación en la
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aplicación del método NOCI a sistemas fotovoltaicos es que el número de integrales
bi-electrónicas necesario para calcular los elementos de la matriz hamiltoniana, al igual
que en el caso de los métodos ortogonales estándares, crece rápidamente con el tamaño
del sistema y con el tamaño del conjunto de base establecido.
El Capítulo 9 cierra la tesis con las conclusiones generales y una perspectiva para
la investigación de modelos a gran escala de la próxima generación de dispositivos
optoelectrónicos orgánicos. En resumen en esta tesis se usan cálculos de estructura
electrónica para comprender mejor los procesos de transferencia de electrones en BHJs
compuestas de moléculas D:A y para racionalizar la base molecular de los canales
de decaimiento no radiativo en dispositivos optoelectrónicos. Más concretamente, los
hallazgos más importantes han sido los siguientes:
• Los funcionales de intercambio y correlación corregidas de largo alcance para
TD-DFT deben usarse al calcular Eb y ECT -b . Los funcionales híbridos describen
pobremente los estados CT dado que subestiman las energías de excitación (vea el
Capítulo 5). Como se discute ampliamente en esta tesis, el proceso de formación de
cargas depende de muchos factores, por tanto, para simular tal proceso, la metodología
debe ser lo más precisa posible (ver también el Capítulo 6).
• Los oligómeros de tipo D-A, en términos de propiedades de absorción y transporte
de carga, se comportan mejor que los oligómeros de tipo D altamente polarizables,
como se muestra en el Capítulo 6. Se espera que estas propiedades se conserven en los
polímeros de tipo D-A. Siendo así, podrían usarse para mejorar la eficiencia de celdas
solares basadas en un solo material.
• La incorporación del entorno molecular al sistema activo es crucial en el cálculo
de las propiedades de estado excitado, especialmente para aquellos con aplicaciones
a OPVs. Teniendo en cuenta que los sistemas de modelos grandes, que representan,
por ejemplo las BHJs, no pueden tratarse completamente a nivel de mecánica cuántica,
sugerimos utilizar un esquema híbrido QM/MM, por ejemplo, el método TD-DFT/DRF.
En los capítulos 4 a 6 demostramos que el método TD-DFT/DRF incluye los efectos
de polarización mutua entre las regiones QM y MM en los estados CT y CS, los cuales
a su vez reproducen la polarización molecular y las fuerzas electrostáticas debido al
solvente.
• Las propiedades fotofísicas de los materiales optoelectrónicos pueden entenderse
explorando las PESs a lo largo de los canales de decaimiento no radiativo. Para la
familia de compuestos DSC, encontramos que el carácter de luminiscencia depende de
la activación de un proceso de conversión interna a través de una CoIn de tipo etileno
entre S0

y S1 (ver Capítulo 7).

• Mediante una aproximación multiconfiguracional, combinando principalmente los
métodos CASSCF y CASPT2, se ha derivado una estrategia simplificada para caracterizar las PESs en los compuestos DSC. A partir de esta estrategia, se han definido dos
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descriptores de energía, que son la energía de FC, y la diferencia de energía entre S0
y S1 en la región de CoIn (ver Capítulo 7).
• Se encontraron correlaciones entre los datos experimentales y las estimaciones
teóricas sobre las propiedades de emisión y no emisión para la familia de compuestos
DSC (ver Capítulo 7).
• El desarrollo e implementación de los gradientes de energía DFT/DRF para
S0

y S1 permitirá un mayor progreso en la comprensión de los estados excitados en

materiales fotoelectrónicos (ver Capítulo 8).
• Los acoplamientos electrónicos y las velocidades de los procesos electrónicos no
radiativos son importantes en el estudio de los procesos competitivos que tienen lugar
en los dispositivos optoelectrónicos (ver Capítulo 8).
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List of Acronyms
A

acceptor

AECoIn

approximated energy conical intersection

ADF

Amsterdam Density Functional

BT

benzo[1,2-b:4,5-b’]dithiophene

BHJ

bulk heterojunction

CASPT2

complete active space second order perturbation theory

CASSCF

complete active space self-consistent field method

CC

coupled cluster

CI

configuration interaction

CoIn

conical intersection

COM

center of mass

CS

charge separated

CSF

configuration state function

CT

charge transfer

D

donor

DCE

1,1-dicyanoethylene

DCS

distyrylbenzene (DSB) cyano-substituted

DFT

density functional theory

DFTB

density-functional based tight-binding

DPPTTT

thieno[3,2-b] thiophene-diketopyrrolopyrrole

DRF

discrete reaction field

DSB

distyrylbenzene

Eb

exciton biding

ECT -b

exciton charge transfer energy

Egap

energy diﬀerence

EA

electron aﬃnity

ERS

enhanced resonance stabilization

EWG
F

electron withdrawing group
Fock operator

FC

Franck-Condon

FF

fill factor

FM

fluoren-9-yilidene malononitrile
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GGA

generalized gradient approximation

H

Hamiltonian

HF

Hartree-Fock

HK

Hohenberg-Kohn

HOMO

highest occupied molecular orbital

IM

indan-1-ylidine malononitrile

IP

ionization potential

JSC

short circuit density

KS

Kohn-Sham

LC

long-range corrected

LDA

local density approximation

LE

local exciton

LUMO

lowest unoccupied molecular orbital

MCSCF

multi-configuration self-consistent field

MD

molecular dynamics

MDC

multipole derived charges

MECoIn

minimum energy conical intersection

MECP

minimum energy crossing point

MO

molecular orbital

MP

Møller–Plesset

MRCI
MS

multi-reference configuration interaction
multistate

NOCI

non-orthogonal configuration interaction

OFET

organic field eﬀect transistor

OLED

organic light emitting diode

OPV

organic photovoltaic

P3HT

poly(3-hexylthiophene)

P3OT

poly(3-octylthiophene)

PBC

periodic boundary conditions

PBQ

1,4-benzoquinone

PCE

power conversion eﬃciency

PCM

polarizable continuum model

PEO-PPV polyethylene oxide-polyphenylenevinylene
PES

potential energy surface

PLAMS

python library for automating molecular simulation

PNA

1,4-nitroaniline

PT

perturbation theory

PTB7

[[4,8-bis[(2-ethylhexyl) oxy]benzo [1,2-b’:4,5-b]dithiophene-2,6-diyl][3-fluoro-2
-[(2-ethylhexyl)carbonyl]thieno [3,4-b] thiophenediyl]]

PTB7-Th
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thiophene PTB7
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PTEG-1

(1)triethylene glycol (TEG) fulleropyrrolidine

PTEG-2

(2) triethylene glycol (TEG) fulleropyrrolidine

PTFB

polythiophenefluorobenzotriazole

PV

phenylene vinylene

QM/MM

quantum mechanical/molecular mechanics

RASSCF

restricted active space self-consistent field

RDF

radial distribution function

RS

Rayleigh–Schrödinger

S

overlap matrix

S0

fundamental/ground state

S1

first excited state

SCF

self-consistent field

SCM

Software for Chemistry & Materials

SD

Slater determinant

SMA

small molecular acceptor

TD-DFT

time dependent density functional theory

TEG

triethylene glycol

TT

thieno[3,4-b]thiophene

TTF

tetrathiafulvalene

VOC

open circuit voltage

XC

exchange–correlation

Notation
D:A

donor:acceptor molecules dispersed into a BHJ

D/A

donor/acceptor pair at the interface

D-A

donor-acceptor type molecule
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