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Using sunlight to produce valuable chemicals has been pointed out as an interesting alternative
to deal with the well-known environmental problem related to the use of fossil fuels for energy
generation. Thus, it is crucial for this field the development of novel photocatalysts that could
drive the uphill reactions with high efficiency while presenting low price and toxicity. In this
context, conjugated polymers with a donor-acceptor architecture have shown good photoactivity
for the hydrogen evolution reaction (HER) due to their advantageous properties, including a
broad UV-Vis absorption spectrum and thermodynamic driving force to carry out the charge
transfer processes. In this thesis, a series of fluorene- and benzothiadiazole-based polymers
are evaluated by means of ab initio methods as potential candidates for photocatalytic HER.
A set of small-molecules with well-defined molecular weight have also been considered for
this application. In general, tailoring a chemical unit has enabled an improvement of the
absorption capacity in benzo(triazole-thiadiazole)-based polymers and cyclopentadithiophene-
based polymers, with a higher impact exhibited upon acceptor tailoring. On the other hand,
all systems under investigation present favorable thermodynamics for proton reduction or hole
removal by an appropriate sacrificial agent. In particular, it is demonstrated the active role
played by nitrogen atoms from the acceptor units in the hydrogenation process, whose binding
strength is significantly decreased in benzo(triazole-thiadiazole)-based polymers. Furthermore,
the extension of the electron-hole separation has been assessed through the calculation of the
exciton binding energies, which are diminished with an improvement in the donating ability on
cyclopentadithiophene-based materials.

In another approach to deal with the aforementioned problem, it has been considered the direct
conversion of carbon dioxide into formic acid, an important chemical that finds applications in
fuel cells, medicine and food industries. In this thesis, such electrocatalytic process has been
investigated by using Sn-based electrodes and Ru-complexes. In the former case, a solid-state
modelling approach based on slab geometries to model surface states has been employed to
explore the reaction thermochemistry. The outcomes support the reaction mechanism where the
carbon dioxide insertion into the Sn-OH bond is a thermodynamically favorable step prior to
reduction, which has a redox potential in fair agreement with the measurements carried out by
our collaborators. In a Ru-complex, the reaction mechanism is likely to follow the route with
natural production of CO due to ligand release after the first reduction process, which is further
protonated to originate the active species. In this case, the insertion occurs at the Ru-H bond to
generate a carbon-bound species that is the intermediate in the formic acid production after the
second protonation step. Finally, it has been studied the physical adsorption of carbon dioxide
in metal-organic frameworks with a varying metallic center in a theoretical point of view.
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1. Introduction

Solar energy is a natural candidate to meet the global demand for energy that
is currently set at 14 TWh/year, since its incidence reaches 100 000 TWh in
an annual basis with an amount given per day (274 TWh) that is found enough
to fulfill the human needs.' In fact, the main use of fossil fuels to attain such
energy demand has intensified the global warming throughout the years, a
well-known environmental problem that our society has been facing since the
industrial revolution."* In such context, the solar energy harnessing by using
a photocatalyst to produce electricity’ >, water heating® or solar fuels including
hydrogen’, alcohols or even short-chain hydrocarbons'® opens up a new area
for development in clean energy that is expected to lead the market on energy
production in a near future.

Techniques involving photodriven electrochemical devices for water split-
ting are by far better developed in comparison to carbon dioxide conversion
at the present time, since the hydrogen evolution reaction (HER) is intrinsi-
cally a simpler chemical process.'' In fact, this gas cannot be extracted from a
natural source despite its abundance on Earth’s crust, being obtained through
reformation of natural gas or renewable biomass and water electrolysis, which
are expensive and costly in an environmental perspective.”* The interest lying
on this simple fuel is related to its high-quality as an energy carrier, showing
high gravimetric energy density (143.0 MJ/Kg) compared to gasoline (44.4
MJ/Kg) for fuel-related applications at ambient conditions, besides the car-
bon-free residue that is generated after the combustion process.®”!*!* Never-
theless, the molecular hydrogen is already widely used in other fields, where
61% of the total production in the last decade was destinated for ammonia-
derived fertilizers, 23% to petroleum refinement and 9% to methanol produc-
tion.'>!* Applications in fuel cells, power generation in turbines and space-
related technologies are also taken into account. *'2

The primary step on the solar-driven hydrogen generation comprises the
use of an appropriate material with lower or comparable energy gap to the
incident photon energy. Such need is justified by the slow kinetics associated
with the hydrogen evolution reaction, which should take place at 4.40 V (pH=
0, absolute potential) at ideal conditions."” In this process, the photoexcitation
promotes an electron from an occupied molecular orbital to a higher-level
state that was previously empty. The molecular product is generated if the
thermodynamic condition for electron transfer is fulfilled. Nonetheless, the
formation of an intermediate state where the hydrogen is bonded to a specific
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catalytic site or surface is associated with the need of an extra potential to
drive the uphill reaction, a property known as overpotential.'® The same prin-
ciple is valid for a semiconducting material, where the non-occupied levels
are close enough in energy to form a conduction band that is separated from
the valence states through a band gap.'”'®

At the valence band or highest occupied molecular orbitals in the molecular
case, the effect of photoexcitation is given by the formation of an empty state
with a positive charge, also referred as a hole in solid-state terminology. In an
excitonic bound state, the electron-hole pair has an intrinsic electrostatic in-
teraction whose strength is determined by the exciton binding energy.'**
Such interaction can cause a return of the photoelectron to the initial state,
further leading to a decrease in the photocatalytic efficiency through charge
recombination processes. To overcome this problem, it is usually employed a
reducing sacrificial reagent with potential for redox pair (D"/D) lying higher
than the value exhibited by the photocatalyst’s redox pair (P*/P) in order to
consume the holes.'®?"*? In general, aliphatic amines and organic acids such
as triethylamine®'**?*, triethanolamine®', ethylenediamenetetracetic acid
(EDTA)?, ascorbic acid or ascorbate®*'**2® and lactic acid*"*’ can work quite
well as sacrificial donors in presence of water, although other organic com-
pounds have also been reported for such application. Nevertheless, some sys-
tems are found to directly promote the water decomposition without an addi-
tional reagent as mentioned by Maeda et al.'® In fact, the latter process is re-
ferred as photocatalytic water splitting, where the electrons/holes drive the
water reduction/oxidation to produce hydrogen and oxygen molecular gases,
respectively.'®

Early studies at the University of Tokyo have shown the titanium dioxide
(TiO,) as a pioneer material to photocatalyze the water decomposition without
applying an external bias.?® Although its large band gap (Eg=3.0 eV) restricts
its use to the ultraviolet region, the surface-attachment of a photoadsorber im-
proves the absorption range to the visible light, which raises the energy input
and photocatalytic efficiency.”*’*' In this case, the photoabsorber is a natural
or synthetic dye-sensitizer that is responsible for the photoexcitation, whereas
the semiconductor serves as a medium for electron transfer to produce hydro-
gen.”**! First synthesized by Fujishima et al.*? as on oxide film, this material
has been fabricated as nanoparticles, thin films, nanowires and nanotubes® >,
with particular interest for doping (N, C, S, Ni)***® or decorating (CdS,
Cu0)***7 the TiO, nanotubes to obtain a narrowed band gap and improved
charge separation, respectively. Other several reports on oxides have been
published in the last years, including doped-WOs,**** Zn0?**', CuO** and
XZnSO (X=Ca or Sr)*.

A further development in the field has enabled the fabrication of carbon-
based materials for photocatalytic water splitting, which has the advantage of
combining low price with earth abundance of the constituting elements. How-
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ever, chemical stability, dispersibility in water and easy tunability are also de-
sirable for future applications.”*** Clearly, the scientific community has
dedicated a great deal of attention to this topic in the last two decades, with a
particular interest on the synthesis and design of organic photocatalysts. As an
important example, polymeric g-C3N4 has been intensively investigated for
HER * and CO, reduction.*** This semiconductor is easily synthesized by
thermal-condensation of N-rich precursors at 500-600° in air or inert atmos-
phere, exhibiting a direct band gap (Eg,= 2.7 eV) that restrains the absorption
edge to a lower wavelength, besides the fast recombination of photogenerated
charges that takes place on its surface. *** These issues can be addressed by
forming a heterojunction with other semiconductors**%>', structural amor-
phization®? or by incorporating Pt,”>** Ni, **and NiO*® as co-catalysts. Thus, a
red-shift of the absorption maximum is expected to promote a higher number
of electron-hole pairs and enhanced photocatalytic efficiency, although the in-
troduction of co-catalysts also increases the number of active sites.*’ Like
TiO,, a limited efficiency enhancement has been demonstrated by adding het-
eroatoms or molecular dopants or creating vacancies, but the presence of
structural defects can create channels for charge recombination that are not
desired, as mentioned by Ye et al.*’

Other subclasses of organic photocatalysts have also gained spotlight since
the first publications on carbon-nitride materials. For instance, poly (azome-
thines) networks were obtained by polycondensation of different building
blocks, but they exhibit much inferior performance in comparison with g-
C3N4.? In another work, Park e al.’’ prepared composites combining mi-
croporous organic nanorods and TiO,/Pt systems, where the former should act
as photosensitizers at A= 400-530 nm. The activity of 50 pmol h™' for hydro-
gen production in the first five hours was reported along with an enhanced
stability of such composites.”’ Furthermore, a superior performance has been
found for benzothiadiazole-based polymers with a donor-acceptor architecture
that has a key role on the improvement of charge transfer and separation pro-
cesses in these materials.’® In general, these materials are characterized by
having short-range order although the material itself is amorphous. An excep-
tion is covalent organic frameworks, a subclass of crystalline organic materi-
als that has demonstrated HER activity even in absence of cocatalysts or sac-
rificial reagents.”’

An important point is that a decrease in the optical gap E,,: does not always
lead to an improvement in the photocatalytic activity, although such reduction
is expected to red-shift the absorption spectrum towards the visible region. For
instance, the polycondensation of different ratios of pyrene and toluene to pro-
duce pyrene-based polymers has returned the highest amount for the system
presenting an intermediate value for the optical gap (Eop= 2.33 €V) with an
absorption maximum lying at A= 534 nm.*’ Similarly, some materials exhibit
lower activity at higher wavelengths, as it is the case for the carbazole-derived
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polymers synthesized by Woods e al.,®' where fractions with different solu-
bilities have returned distinct performances. Particularly, the insoluble poly-
mer showed higher efficiency at A> 295 nm (21.5 umol h™') whereas this value
is decreased to 3.1 umol h™' at 1> 420 nm.

1.1- Thesis Outline

This thesis is divided in three parts for clarity reasons. First, I provide a brief
description of the ab initio methodology that is utilized in this work, including
the Hohenberg-Kohn theorems that constitute the core of density functional
theory, as well as the Kohn-Sham approach that has been developed to apply
the theory in real life. The time-dependent density functional theory is also
described to provide the excited-state assessment of molecular structures, as
well as the vertical electronic transitions that are necessary to compose the
absorption spectra.

In Sections 3-8, I present the comprehensive summary of the publications
included in this thesis. In this sense, Papers I-IV are focused on the photocata-
lyst design for hydrogen production by using organic materials with a donor-
acceptor architecture. In particular, it has been evaluated how the structural
configuration and tailoring can affect the optical and thermodynamic proper-
ties of these materials, as well as the use of hydrogen- and exciton binding
energies as descriptors for the photocatalytic efficiency. These outcomes are
presented in Sections 3-4. Furthermore, it has been investigated the carbon
dioxide conversion reaction into formic acid on tin-based electrodes and Ru-
complexes in Papers V and VII, respectively. In the former case, we have em-
ployed a solid-state approach where the surface thermochemistry has been
built through the construction of slabs from a cut on the most stable facet, as
determined by the surface energies (see Section 5). The Ru-complexes have
their pathways of reduction and reaction mechanisms described in Section 6.
In Paper VIII, it has been studied the carbon dioxide capture on metal-organic
frameworks by using a solid-state modelling approach, which is presented in
Section 7.
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2. Theoretical Methods

In this thesis, the ground-state properties of molecular and solid-state materi-
als have been attained in gas phase, solvated environment and solid-state
within the density functional theory (DFT) framework® that is implemented
in Gaussian 09% and 16%, as well as in Vienna 4b Initio Simulation Package
(VASP).® This methodology has been originally formulated by Pierre Hohen-
berg and Walter Kohn in 1964. However, it was the development of a prac-
tical approach by W. Kohn and Lu Jeu Sham (1965) that enabled the theory
application in real problems.®’

In Section 2.1, I introduce the ground-state density functional theory by
defining the time-independent Schrédinger equation along with the energetic
contributions to the total Hamiltonian operator. I also present the core of den-
sity functional methods, i.e., the relation between electronic energy and den-
sity that was determined by the Hohenberg-Kohn (HK) theorems prior to the
development of the Kohn-Sham (KS) approach. From this point, the ex-
change-correlation functionals and basis sets determining the level of theory
for ground-state calculations will be presented in Subsections 2.1.4-2.1.6. In
Section 2.2, the time-dependent density functional approach is briefly de-
scribed to provide the excite-state assessment that was achieved in Papers I1-
Iv.

2.1- A Brief Introduction to Density Functional Theory

2.1.1- The Time-Independent Schrodinger Equation

In Quantum Mechanics,*® the wavefunction |y defining the quantum state of
a system is related to a certain property by employing an Hermitian operator,
which acts over the eigenfunction multiplied by its complex-conjugated to
give the expectation value. In the time-independent Schrodinger equation

Ay = Ev, (2.1)
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the total energy E of the system can be obtained by using its relation with the
Hamiltonian operator H. Equation 2.2 clarifies the kinetic energy contribu-
tions from N electrons and M nuclei, as well as the interaction energy between
particles with similar or distinct nature, i.e,

_ N 2 _1gm 1
___Z V EZA:lM

ZA 1 ZB>A

(D 1 +Z 121>1

ZAZB

(2.2)

Here, the electrons are assigned with i and j labels, whereas 4 and B describe
the nuclei. Z and R (also r) correspond to the nuclear charge and the distance
between particles, respectively. In fact, this expression is written in a compact
form by setting several constants to unity, including the electron mass and
charge. Furthermore, the substantial difference in mass between the main
atomic particles leads to a simplification in the Hamiltonian by excluding the
terms associated with the nuclei motion and interaction between nuclei. Thus,
the so-called Born-Oppenheimer approximation reduces the total Hamiltonian
to its electronic form (H...) which in turn yields the electronic energy of the
system. This approximation is taken into account for further mentions about
E.

2.1.2- The Electronic Density as the Central Quantity

Hohenberg and Kohn established the basis for the density functional theory
by proving that using the electron density to obtain the properties of the
system is plausible.®® In other words, the first HK theorem establishes that
the external potential Ve (r) and other properties of an interacting system are
determined by the ground-state electron density p. In the second HK theo-
rem, it is defined the relation between the ground-state energy Ey and p,
with a general expression for the intrinsic contributions to £, written as

Eolp] = Tlp] + Enelp] + Ecelpl, (2.3)

where T is the kinetic energy and E,.and E..represent the electron-nuclei and
electron-electron interaction energies, respectively. In Equation 2.3, T and E.
are summed up to give the universally independent Hohenberg-Kohn func-
tional, as these terms are solely affected by the number of electrons V. At this
point, it is important to highlight that the true-ground state energy is just ac-
cessible if the ground-state electron density can be attained, the so-called var-
iational principle.®® In practice, the impossibility to achieve this requirement
leads to a resulting electronic energy that is always higher than the true-ground
state value.
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2.1.3- The Kohn-Sham Scheme

In the discussion held by Koch and Holthausen,® the kinetic energy of an in-
teracting system appears as the main reason for the poor performance of the
uniform gas model in the Thomas-Fermi scheme to determine the electronic
energy of the system. In the Kohn-Sham scheme®”, this problem was overcome
by assuming the kinetic energy T of a non-interacting system is described by
an expression based on the Hartree-Fock (HF) theory as a functional of the
electron density p,

To[p] = — 5 ZM@: V210 (2.4)

where the Kohn-Sham orbitals |, ) are one-electron wavefunctions with spa-
tial () and spin (s) components, similar to the spin orbitals defined in the HF
theory. In Equation 2.5, T is a counterpart that is added to other functionals
to provide a good description of an interacting system,

E[p] = Ts[p]l + J[pl + Enelp]l + Exclpl, (2.5)

with J representing the classic Coulomb energy, whereas E,, comprises the
non-classical contributions to the correlation energy as well as the part of the
kinetic energy that is not treated by the HF approach. In this sense, J is given
by the following expression

Jlpl == ZNZMH |</h(r1)|2 I<p,(rz)l2 drydr;. (2.6)

Here, the probability of finding simultaneously two electrons at the Volume
elements defined by dr; dr, is given by the pair density |0, (r1)| and |, (r2)|
weighed by the distance between these particles (r12). Furthermore the func-
tional describing the electron-nuclei interaction E,. is determined as follows

=3I SN 2 Moo dry. 2.7)

Thus, the electronic states described by the Kohn-Sham orbitals |¢. ) are re-
lated to the orbital energies g; through the Schrodinger-like equation

1
(—5‘72 + Verr (1) )i = €94, (2.8)

where the summation over the squared |(pi> gives the electron density of
the system,

p(r) = EI Xs lo; (1,5)1%. 2.9)

. . . KS
In Equation 2.8, the term in parenthesis is called Kohn-Sham operator fK ,
which includes an effective potential Vg that is basically the sum between J,
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E,, and E,, counterparts. Here, it is important to mention that the KS equa-
tions are solved in a self-consistent procedure, where the search of new KS
orbitals |o, ) is performed iteratively until a certain convergence criterium is
reached.

2.1.4- The Exchange-Correlation Functional

The exchange-correlation functional £, is considered to be a bottleneck for
the development of density functional theory methods since this unknown
quantity has only been determined to an approximated form until the present
moment. In this sense, the validity of the Koopman’s theorem in HF theory is
not extended to the Kohn-Sham approach, i.e, the orbital energies ¢; cannot be
associated with the ionization energies, excepting the maximum energy eigen-
value ¢, that can hold this relation with the employment of an exact Ex.**"°
In fact, this relation can be used to estimate how close the approximated func-
tional is to the exact form, which is expected to affect its ability to describe
the properties of interest for a system under investigation.”® Furthermore, it is
fundamental to validate the theoretical methodology by testing how accurate
is the functional to reproduce experimental values or well-known properties
prior to any prediction assessment.

In Papers V and VIII, the Perdew, Burke and Enzerhof (PBE)’" functional
has been employed to describe the reaction thermochemistry involved in the
carbon dioxide conversion on Sn-based electrodes as well as the gas capture
in metal organic frameworks, respectively. This functional has roots on the
generalized gradient approximation (GGA), which assumes the idea of a uni-
form electron gas model with exchange-correlation energy per particle €264
depending on the electron density and its gradient to include the information

about the p inhomogeneity, i. e., /"’

EZE4 = [p(r) 584 [p(r), Vp(r)] dr (2.10)
which is rewritten as

EGEA = [ef°™p(r)Fc[p(r), Vp(r)]dr, (2.11)

where F. is a dimensionless quantity with a varying parametrization among
different functionals. In general, this approximation fails on the description of
the electronic structure of semiconductors and insulators by overestimating
their intrinsic band gaps, but it does provide reasonable description of thermo-
dynamic properties of solid-state materials. In Paper V, this fact has been ev-
idenced on the redox potential for our SnOOH model, which is in fair agree-
ment in comparison with the value measured by our collaborators. Nonethe-
less, it was still necessary to improve the level of theory by using the HS06"
hybrid functional with 38% of exact exchange to determine the band gap with
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high accuracy for the Sn-based electrodes. In Paper VIII, such improvement
has been achieved by applying Hubbard corrections on d states from Fe and
Cu atoms. However, the thermodynamics associated with the gas capture has
been significantly affected by the use of such corrections due to the presence
of spin-polarization effects in the metal-organic frameworks.

In Papers I, VI and VII, the functional E,. has been treated by using the
three-parameter B3LYP’* functional, which is well-known to exhibit a good
agreement with the experimental orbital energies for polymeric materials.” In
Papers II-1V, other functionals have been used to improve the description of
dispersion effects and non-covalent interactions, such as CAM-B3LYP,”
MO06"7 and M06-2X"". Here, the discussion is restricted to B3LYP and M06,
which have provided the best results for frontier orbital energies and optical
properties in the theoretical benchmark. This point will be addressed in Sec-
tion 3.1.

The B3LYP™ is a hybrid functional based on the adiabatic connection for-
mula,®®’* whose integration over the non-classical contribution to the ex-
change-correlation energy is given at the limits of a non-interacting system
(A=0) and a fully interacting system, A=1. As seen in Equation 2.12,°%6%7478

EZMP = ERP + a(Egt — ExP) + bEZ® + c(ES" — EFSP), (2.12)
this functional has a portion of exact exchange (Eexm) to represent the lower
limit (A=0) added to the local and gradient- corrected terms (EB 88) whereas the
LDA exchange-functional describes the fully interacting system. The correla-
tion part is composed by non-local and local contributions expressed by the
LYP and LSD functionals, respectively, although the VWN III functional is
used for local correlation in Gaussian implementation.®*** In Equation 2.12,
a= 0.20, b= 0.72 and c= 0.81, according to the original parametrization with
the heats of formation of small molecules™.

MO067 is a hybrid functional that has been designed mainly for thermo-
chemistry, non-covalent interactions and determination of barrier heights.”” It
contains 27% of HF exchange, whose expression is

EY = Y dr [ERFE(ps, Vpo) f(We) + EfSPfi(xp,25), (2.13)

where FP2Eand are the energy density for exchange from the PBE model

and the local spin density approximation for exchange, respectively. Above,
f(W,) is the spin kinetic energy density enhancement factor and x, is the re-
duced spin density gradient. In Equation 2.13, the dimensionless function
f.(X5,Z5) is non-local, being previously developed by Voorhis & Scuseria
(1998)79 for their functional VSXC, which is the basis for EMO6 The correla-
tion form combines contributions from opposite-spin and parallel-spin sepa-
rately and will not be described here for simplicity reasons.

LSD
Exc
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2.1.5- Molecular systems: Pople’s Basis Sets

In Gaussian 09% and 16, the Kohn-Sham (KS) equations are solved by ex-
panding the KS molecular orbitals |o, ) in a set of L basis functions # , in the

. .. . . . S
context of the linear combination of atomic orbitals expansion (LCAQ), 63638

¢ = ;L4=1 Cui r]u- (2-14)

Thus, the KS equation can be rewritten as

fKS () Z%:l Coi ﬂvi(ﬁ) =& 21L7=1 Cpi My(T1)- (2.15)

In Equations 2.14 and 2.15, the pre-defined basis function 7, is a real function
that should be complete to provide an exact ¢,. Although is necessary to have
an infinite L set, it is more achievable in practical terms to have a large basis
set, not complete. Both sides of Equation 2.15 are multiplied to the basis 1,
and integrated over the space to give

Yh=1Cvi f’?u (r)f Sy (r)dry = & Xboq ¢y [ 1, (r)n, (rdry.
2.16)

In Equation 2.16, the first integral is an element of the Kohn-Sham matrix

(F; KSY and the overlap matrix contains elements defined by the right-side in-
tegral Outside the integrals, a c,; also results in a matrix C with expansion
vectors, and ¢; contains the orbital energies as a diagonal matrix. According
to Koch and Holthausen®, this equation is easily solved computationally.

In this thesis, the set of basis functions 6-311G**%83 was chosen to create
the molecular orbitals by expanding the Kohn-Sham orbitals. This basis set
combines primitive gaussian-type functions with the contraction coefficients
d,, in the general form,*

N = Nddgr . (2.17)

As a triple-zeta basis set®, this basis set employs six primitive gaussian func-
tions to represent each atomic orbital basis function whereas the valence or-
bitals are composed by three kind of basis functions <311>. Additionally, the
adaptation to the molecular environment is ensured by employing polarization
functions at the d and p orbitals.®**

2.1.6- Solid-State Modelling: Plane-Wave Basis Set

In solid-state modelling, the expansion of the Kohn-Sham orbitals |¢, ) should
consider the periodicity of the crystal lattice. In this sense, the Bloch theorem
for solid-state materials defines |(pk> as the product of the periodic function

u; (r) and the plane wave e/*", i.e.
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P (1) = uy (e’ (2.18)

where k is the crystal vector in the first Brillouin zone.* Thus, the expansion
of the so-called plane-wave basis set is given by the relation

Pe(r) = \/0;_11 Y (el kKT, (2.19)
where Q. K; and n stand for volume of the primitive cell, reciprocal lattice
vectors and band index, respectively. In practical calculations performed using
VASP® code or other software packages, it is quite important to determine the
so-called cutoff energy for the plane-wave basis set £, which establishes a
limited value for this quantity during the @, ) search in the self-consistent pro-
cedure:

hZ
Ecue = chzut (2.20)
where
|K + k| < Ky (2.21)

Thus, a higher £, leads to a larger number of plane-waves that are used in
the calculation, which increases the computational time without necessarily
improving the outcomes. In general, we can determine an appropriate value
for E,,; by doing convergence tests on the electronic energy of the system
under investigation. Furthermore, the number of k-points sampling the first
Brillouin Zone should also be tested for a proper assessment of chemical or
physical properties without using unnecessary computational effort.

2.2- Time-Dependent Density Functional Theory:
Excited-state Assessment

The time-dependent Density Functional Theory (TD-DFT) is a popular®®
approach to access the excited-state related properties, based on the time-de-
pendent Schrodinger Equation for a many-body wavefunction ¥() at the ini-
tial state,

w(t) =i ¥ (o). (2.22)

Here, the Hamiltonian operator is given by the contribution of the time and
space-dependent functionals describing the electronic kinetic energy K, the
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nuclei-electron 7,,, and electron-electron interactions 7,,, where the time-de-

pendent wavefunction is related to the initial state ¥, by a factor e ’“(’),
() = e O Wp,P](b). (2.23)

As previously described in the ground-state theory, W, is approximated by
choosing a single determinant of Kohn-Sham orbitals ¢.(r, 0) to satisfy Equa—
tion 2.8. Similarly, in the time-dependent theory, the summatory of |(p (r, t)|
for N-electrons defines the non-interacting electron density p (7, ¢) that 1s used
to represent the true interacting sys‘[em.68 8789 In this sense, the Runge-Gross
theorem determines the one-to-one correspondence between the time-depend-
ent density p(?) of this system and the external potential, being p(z) essential
to obtain the other properties of an interacting many-body system.®”*’ Hence,
the time-dependent KS equation is given by

(272 4 Vs ) ;0] = 122552 (229)

In Equation 2.24, the Kohn-Sham potential Vs contains the exchange corre-
lation potential V. to provide a reasonable description of the interacting sys-
tem, besides the other contributions concerning the classical electron-electron
interactions and electron-nuclei attraction potentials. In this sense, Vi is given
by the derivative of the time-dependent exchange-correlation energy A4, in
respect to p(r, t),

o oelped] L OBl
e o T @’

(2.25)

a relation that is adiabatically approximated to the time-independent ex-
change-correlation, as expressed in the right side of Equation 2.25.%7* In lin-
ear response TD-DFT, the external potential of the interacting system that is
modified under an applied field is treated by using the relation®”*

Vext (rt) = ’Vext,o >+ T/t f(0), (2.26)

where the first and second terms correspond to the external potential at the
ground state and under perturbation, respectively.®”*® The response of p(r, t)
to the varying external potential is given by expanding p(r, t) in a Taylor se-
ries, which includes the sum between the ground-state electron density to the
first order element p ,(r,t) in the linear-response TD-DFT, whereas the higher
order terms are treated by other extensions of TD-DFT. 37,8 Particularly,

p.(r,t) = fooo dt' [ d3r" ygs(re, r't")Svgs(r', t") (2.27)
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with ygs defining the density-density response function of a non-interacting
system, i.e., the derivative of the electron-densityt p, (r,t)in respect to the KS
potential dvgg(r,t) given by 5758

Svis = OV ) + [ 1 22 (1, 0) +
J @t [ @37 ficlpes](rt, 7't )ps (', ). (2.28)

Thus, the excitation energies and the intensities expressed by the oscillator
strengths are extracted from derivation of the linear response equations, as
discussed by Nogueira et al. 8%

In this thesis, the excited-state properties in Papers II-IV were obtained at
the B3LYP7Y/6-311G** and M06"7/6-311G** levels of theory by considering
the first twenty singlet excited states. These calculations were held in gas
phase on Gaussian 09% and 16%, which is sufficiently good to provide a qual-
itative description that is necessary for photocatalyst design. However, the en-
vironment and vibronic effects might be important to improve the concord-
ance with the experimental data.®
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3. Molecular Modelling of Conjugated
Polymers for Hydrogen Evolution

In Paper I, three novel polymeric nanostructured photocatalysts containing
fluorene (F1) moieties have their photocatalytic activity evaluated for hydro-
gen evolution reaction. The polymer dots were obtained via nanoprecipitation,
a procedure that was initiated by solubilization in tetrahydrofuran solvent in
presence of a surfactant. The mixtures were then submitted to sonication and
filtration to generate the clear polymer dots in aqueous solution, i.e., F§T2 (1)
(poly(9,9-dioctyl-fluorenyl-2,7-diyl)-co-bithiophene)), PFBT (2) (poly(9,9’-
dioctyl-fluorenyl-2,7-diyl)-co-(1,4-benzo-2,1,3-thiadiazole)) and PFO-DT-
BT (3) (poly(2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-
thiadiazole)), with Fy units intercalating with thiophene (T) in (1) or benzothi-
adiazole (BT) in (2). In (3), T is regularly considered as a n-spacer connecting
the electron-donating (D) fluorene moiety to benzothiadiazole, an electron-
poor unit that exerts the role as acceptor (A). By using a two-component sys-
tem with ascorbic acid as the sacrificial reagent and the nanophotocatalyst, our
collaborators have found an initial rate of 50 umolg™. h™' for (3), which is
excellent compared to other organic photocatalysts, such as pyrene® or carba-
zole-based polymers.®' Motivated by these experimental findings, a theoreti-
cal investigation was carried out with ab initio methodology to unveil the fac-
tors leading to an enhanced performance exhibited by (3), whereas (1) does
not show any activity for hydrogen production. In the follow-up work, we
have investigated other D-A polymers regarding their ability to photocatalyze
the hydrogen evolution reaction by evaluating optical and thermodynamic
properties, as well as hydrogen and exciton binding energies as descriptors for
photocatalytic efficiency. In Paper I, it is of particular interest the molecular
systems based on benzothiadiazole-derivatives connected to a Fr-T donor re-
gion. In Paper III, the benzothiadiazole unit has been constrained for further
evaluation of donor tailoring effects on the chemical properties that are im-
portant for the photocatalyst design.

3.1. Benchmark for Density Functional Theory Methods

To model the fluorene-derivative polymers, I have built up molecular struc-
tures with a varying number of 1-4 repeated monomeric units with symmetric
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terminations determined by the fluorene unit, verifying the convergence for
the frontier orbital energies and testing different functional/basis set combina-
tions to have a first assessment of the outcomes from cyclic voltammetry
measurements in Paper I and Sato e al.”® Such energies are directly obtained
via population analysis of the neutral polymer, a static-like calculation that
does not capture the relaxation or thermal effects on the species internal en-
ergy upon electron transfer processes. In this sense, the proper assessment of
the electrochemical process can be achieved by calculating the redox poten-
tials via Gibbs free energies of reaction in solvated environment. This point
will be addressed in the next sections, but the simplified methodology pro-
vides similar chemical trends to those obtained by using the Gibbs free ener-
gies, while being time efficient in a computational perspective.

The benchmark for level of theory has been performed for Group A poly-
mers, i. e., F8T2 (1), PFBT (2) and PFO-DT-BT (3), providing the method of
choice for further calculations. The general molecular representation for these
materials can be visualized in Figure 3.1.

~S Ly M 9,
//Ifl’ e e b
40924 %

1.F8T2 2.PFBT 3.PFO-DT-BT
Figure 3.1- Molecular structures of fluorene-based polymers. The methyl groups have
been added to replace the original long alkyl chains.

Table 3.1 shows the highest occupied molecular orbital energies (Enomo) that
have been directly taken from the self-consistent calculations carried out in
Gaussian 09. In the third column, the B3LYP/6-31G* level of theory is clearly
inaccurate to reproduce the experimental results, with an absolute error (Ae)
lying within the range of 0.39- 0.60 eV for these polymers. The larger basis
set (6-311G**) that is presented in the nearest column brings an improvement
on the determination of Enomo, particularly by using the monomeric models.
In fact, this level of theory has been chosen for the theoretical calculations in
Paper I in connection with its good predictability of thermodynamic properties
that do not involve electron transfer processes.

In Paper 11, the benchmark has been extended to other exchange-correlation
functionals to account for weak long-range interactions such as CAM-B3LYP,
MO06, M06-2X and wB97x-D. The former functional shows inadequacy to pre-
dict orbital energies as Enomo is overestimated in absolute values, reaching an
impressive Ae= 0.88 eV for monomeric (3). A similar conclusion has been
obtained by McCormick et al.” in their comparative study involving different
methodologies to estimate the orbital energies of polymeric compounds. For
Minnesota functionals, the use of M06-2X results in a better estimative with
an increasing alkyl chain. Nonetheless, M06 shows the best performance
among all functional/basis sets combinations, with Enomo=-5.39, -5.75, -5.39
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eV for (1-3) dimeric models, which gives a relative error in the range of 0.05-
2.00% and Ae=0.09-0.11 eV.

A similar analysis regarding the lowest unoccupied molecular orbital
(ELumo) is displayed in Table 3.2. These energies have been primarily taken
from the self-consistent calculations, but it is well-known that the virtual or-
bitals are poorly described by standard density functional theory methods.”
For instance, M06 fairly describes the qualitative results, but a significant rel-
ative error in the range 19.4 %- 18.3 % (Ae= 0.51-0.99 eV) has been found for
these systems. By using the M06/6-311G** theory level, a small improvement
could be obtained, with Erumo=-1.99, -2.51 and -2.74 ¢V for (1-3) polymers,
respectively, but still far from a fair agreement. As reported elsewhere,”! in
analogy to experimental LUMO determination using the optical band gap, the
first excitation energies corresponding to an approximate HOMO —LUMO
transition (Eop) can be added to Enomo such as

Erumo= Enomo (SCF) + Eopt (TD-DFT), 3.1)

where Eop is the energy gap obtained from TD-DFT calculations. In this sense,
a significant improvement is verified by using M06 with a corrected energy
gap (see Table 3.2, in parenthesis), with an average relative error of 5.0 % and
Ae =0.07-0.32 eV.
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Therefore, M06 is the most suitable method to describe the properties of in-
terest in Papers II-111, where a two-unit symmetric model have been employed
to represent the polymers under investigation. As displayed in Figure 3.2, the
symmetric model is appropriate since different terminations lead to anomalies
in the structure, including different torsional angles between similar units
throughout the molecule.

PFO-DT-BT
Figure 3.2- Symmetric dimer models built for the different polymer classes under
investigation. R indicates the replacement of the original long alkyl chains by methyl
groups.

3.2. On the Effects of D-A Architecture and mt-spacer

In this section, I consider the first group of polymeric materials studied in this
work (1-3). As previously mentioned, a two-unit model with symmetric ter-
minations has been chosen to represent the molecular structure of these mate-
rials that have been synthesized as nanoparticles (see Paper I). Based on early
experience, a helical structure was used as starting point for the optimization
carried out in Gaussian 09.

Figure 3.3 displays the main torsional angles between chemical units in the
simplified monomeric models for (1-3) polymers. F8T2 (1) has a non-planar
structure with a substantial torsional angle between fluorene-thiophene units
(6:= 26.8°). Furthermore, this polymer has no photocatalytic activity for hy-
drogen production that is partially associated with its high energy gap (E,=
2.72 eV). In general, it is well disseminated the idea that a more-planar con-
figuration enhances the n-electron distribution over the polymer backbone to
promote a decrease in E;. However, we can verify a somewhat different be-
havior in this polymer group, where a substantial decrease in £, is not neces-
sarily accompanied by an improvement of the structural planarity. For in-
stance, (2) has calculated E,=2.57 eV while exhibiting 6;=39.0°. On the other
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hand, the insertion of a thiophene unit between fluorene-benzothiadiazole
units in (3) is indeed followed by reduction in the torsional angle between the
donor-acceptor region (84,= 11.6°), which leads to a local planar configuration
that can be associated with the decrease in E,=2.06 eV.

T O o P,

FST2 “ “prer PFO-DT-BT
Figure 3.3- Group A molecular structures along with the torsional angles between
chemical units (0;- 6.).

The total and partial density of states for (1) and (3) polymers give an inter-
esting insight into the orbital composition around the frontier orbital region,
as displayed in Figure 3.4. It is important to highlight that the virtual orbitals
are shown with a small displacement in accordance with the theoretical optical
gaps. For Group A polymers, the highest occupied molecular orbital does not
exhibit a well-defined peak due to the superposition with other deep-lying
states. This indicates that this orbital is distributed over the molecule (see Fig-
ure 3.5), despite of the high torsional angles between units, with major contri-
butions from Fr and T units. In fact, the latter units contribute in a higher ex-
tension for both (1) and (3), with respective ~56% and ~46%. Thus, these
findings suggest that thiophene units do not act merely as a n-system that im-
proves the conjugation length, but have an electron-donating character along
with fluorene units for these polymeric systems. In fact, this moiety has been
previously reported as an electron-donor unit when linked to benzothiadia-
zole” or as a w-bridge in a D-nt-A structure.’*** From this point, this moiety is
solely referred as an electron-donating or donor unit.

Above the energy gap, the first unoccupied orbital peak is partially mixed
with higher energy states in (1), showing predominant contribution from T
(~49%) that is followed by Fr units (~40%). By substituting T for the well-
known strong acceptor BT in (2), the LUMO is significantly moved towards
lower energies while presenting a localized peak composed in ~81% by BT,
with details available in Paper II. This percentage is reduced to around 67%
in (3) when introducing an extra donor unit (thiophene), but there is a dis-
placement towards lower energies that leads to a reduced energy gap. The spa-
tial orbital distribution shows a clear electronic density localization at the BT
sites, as depicted in Figure 3.5- bottom.
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Figure 3.4- Total and partial density of states for a) F§T2, b) PFO-DT-BT. The virtual
orbitals are slightly shifted to meet the TD-DFT predictions for the energy gap.

Adapted with permission from Damas et al.”> Copyright (2018) American Chemical
Society.

HOMO
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Figure 3.5- Spatial distribution of frontier orbitals for Group A polymers within the
isovalue 0.02. Level of theory: M06/6-311G**. Reprinted with permission from
Damas et al.”? Copyright (2018) American Chemical Society.

3.3. Replacing the Benzothiadiazole Moiety by its
Derivatives or other Acceptor Units

In Paper 11, the replacement of the benzothiadiazole unit in (3) by its deriva-
tives is evaluated on the electronic properties and absorption range of the re-
sulting polymeric materials (see Figure 3.6). To facilitate the discussion, these
systems are separated in three groups: in Group B (4-6), the acceptor unit has
been functionalized by fluorine, cyano or methoxy groups; in Group C (7-8),
the sulfur atom at the thiadiazole subunit has been replaced by nitrogen or
selenium atom in the benzotriazole (BTr)- or benzoselediazole (Sed)-based
polymer, respectively; in Group D (9-10), a fused ring given by hybrid
benzo(triazole-thiadiazole) is considered as the acceptor unit.
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Figure 3.6- Structural formula of the reference polymer PFO-DT-BT (3) along with
the acceptor units under investigation in Paper II. In detail, the final polymer name is
written under each acceptor unit.

The helical conformation previously determined for (3) has been used as the
starting point for geometry optimization of Group B-D polymers. Most final
molecular structures are characterized by having symmetric thiophene (T)
groups with sulfur atoms oriented towards the benzene ring. The exception is
(5), where an inversion in such orientation reduces the electrostatic repulsion
between cyano groups and sulfur atoms, stabilizing the structure by 0.14 eV
while lowering 64 from 35.5° to 30.2°. In general, all systems show little var-
iation for 0; (3.3°) in comparison to (3), but an interesting impact on the chain
conformation is seen by functionalizing the 5,6 positions of the BT unit. Like-
wise, the replacement of sulfur atoms at the thiadiazole ring and hybrid
benzo(triazole-thiadiazole)-derived units implicate in a slight variation of tor-
sional angles between T and the benzothiadiazole-derivative unit (84) while E,
is substantially altered for these materials. In particular, the fluorination in (4)
implies in a low value for 84= 1.3° that is not necessarily correlated with its
high energy gap (Eg=2.11 eV), an effect that is also verified for (7). Thus,
these findings strongly suggest the lack of direct correlation between the pol-
ymer stability that is given by E, and the extension of the m-conjugation length
in Group C. In Group D, a significant decrease in E,= 1.30 eV for (10) is
clearly related to a more effective m-conjugation expressed by the torsional
angle (04=1.9°).
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Figure 3.7- Total and partial density of states calculated for fluorene-thiophene based
polymers with a varying acceptor unit. Adapted with permission from Damas ef al.”
Copyright (2018) American Chemical Society.

In Figure 3.7, the total and partial density of states are given for each polymer
from Groups B-D at the range -7.0 to 0 eV. Accordingly, the highest occupied
molecular orbital of these polymers has a n-bonding character, being mainly
composed by T rings (around 40-46%), followed by a wide range of Fr (16-
39%) and BT-derived (3.8%-32%) contributions. In particular, the HOMO
from the cyano-functionalized polymer (5) has the highest fluorene character
(39%), along with a low percentage from BT units (4%). For benzo(triazole-
thiadiazole) (BTrT)-based polymers (9- 10), the contribution from the BT
rings reaches 32%, specially from the HOMO-n orbitals with n=0 and 1.
Therefore, these materials exhibit m-electron delocalization that results in a
well-distributed orbital over the polymer backbone, as discussed for the D-A
polymers in the previous section. Another important point is the electron-do-
nating character exhibited by thiophene units, as evidenced by the significant
contribution from these moieties to form the first HOMO-n orbitals. Most sys-
tems have a defined peak describing the first LUMO+n orbitals, whose com-
position is dominated by the acceptor units in (69-80%) in their respective
groups. The thiophene units have 10-17% of participation in such energy lev-
els, revealing as the second most important units for these electronic states.
Nonetheless, (7) has an overall delocalized LUMO with dominant benzotria-
zole character (39%), but also showing participation from T (32%) and Fp.
(15%) rings.
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3.4. Donor Tailoring 1n Benzothiadiazole-based
Polymers

In Paper 111, we have performed an extensive evaluation of benzothiadiazole-
based polymers with a varying donor region that is defined by two types of
electron-rich moieties: Donor 1, i. e, fluorene (F. or PFO), cyclopentadithio-
phene (CPT), methoxybenzodithiophene (O-BzT), thiophenebenzodithio-
phene (T-BzT) and Donor II, a thiophene-(T, VT) or thienethiophene-(TT,
VTT) based unit that acts a n-spacer in these systems. All combinations are
depicted in Figure 3.8.
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Figure 3.8- Benzothiadiazole-based polymers with a varying donor region. Reprinted
with permission from Damas et al.'” Copyright (2019) American Chemical Society.

3.5. The Photocatalytic Process

As it well-known in general sciences, the terrestrial solar spectrum has 40%
of its composition by visible light extending from 400-700 nm, while 8% is
composed by ultraviolet light (200-400 nm).”® Thus, it is presumably im-
portant for the applicability of a photocatalyst in solar water splitting to be
active in this region. At this interval, the photon energy is absorbed by the
molecule to promote an internal electronic transition between molecular or-
bitals, although vibrational and rotational transitions are expected to take place
at the same time.’” During this process, a positive charge region is left behind
in the occupied states, also referred as a hole in the solid-state terminology.
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Both charge carriers are initially bound to each other by a certain amount of
energy to form an excitonic state, which could lead to a decrease in photocata-
lytic efficiency due to charge recombination process.” This step is represented
by I in Figure 3.9, where P* stands for the polymeric system containing an
excitonic state. To deal with the abovementioned problem, the so-called elec-
tron-hole pair must be separated by removing either charge carrier. In Figure
3.9 (left-hand side), the hole is consumed by using a sacrificial agent or donor
(D/D") that is followed by the electron transfer to carry out the hydrogen evo-
lution reaction (HER).**!% If the polymeric system has a high pK, that as-
sures the protonation takes place right after the photoexcitation, it will be the
electron the charge carrier that is first consumed (Step I1a). The initial photo-
catalyst is then recovered after hole transfer to the sacrificial agent (Step Illa).

Polymer (P)
" — D >
2H* D
(o) h"
P P!
HZ

Dt a- h' 5
é
D

P*
Figure 3.9- General representation of the hydrogen evolution reaction photocatalyzed
by conjugated polymers in presence of a sacrificial agent. Reprinted with permission
from Damas et al.'® Copyright (2019) American Chemical Society.

In Figure 3.9, the left pathway (Steps II and III) can be represented by the
potentials of the redox pairs (P*/P") and (P/P"), as shown in Equations 3.2 and
3.3, respectively: ¢3*

PP+e— P (3.2)
and

P P+ c. (3.3)

In this sense, the electron affinity of a molecular system, as well as the energy
of its lowest unoccupied molecular orbital (ELumo) have a close relation to the
potential of the redox pair (P/P").'""'*> Nonetheless, the latter carries infor-
mation about enthalpic and entropic contributions that are expected to affect
the internal energy of a neutral system upon reduction, whereas the electron
affinity is defined as the enthalpy energy associated with this process.’>**"-*8
Finally, the orbital energy is an eigenvalue obtained via diagonalization of the
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Kohn-Sham equations, therefore being a static value that is related to the elec-
tronic energy of the system.

In Figure 3.9, the right pathway is denoted by the potentials of redox pairs
(P*/P") and (P*/P), as shown by the electrochemical reactions:

PP +e (3.4)
and
P"+ ¢ —P. (3.5)

Similar to the aforementioned discussion, the potential of the redox pair (P*/P)
is usually associated to the ionization potential and Enomo.'” It is important
to highlight that this nomenclature may exhibit some variations regarding the
species order or the acronym that is more appropriate for small-molecules
(SM) or the sacrificial agent (D'/D) in Papers 1I-1V.

3.5.1. Optical Properties: Group A Polymers

In Paper I, the ability of Group A polymers (1-3) to absorb light has been
verified through UV-spectroscopy by our collaborators, with experimental ab-
sorption spectra displayed in Figure 3.10 (a). Comparatively, the theoretical
predictions for the main absorption peaks are shown in the bottom, along with
the absorbance intensities as adjusted with their oscillator strength (f). The
detailed information on the main electronic transitions is given in Table 3.3.

To verify the disparity concerning the absorption range of these UV/Vis
theoretical spectra in the wavelength (A) range between 300-1000 nm, the A
difference between the first and the last transitions having > 0.2 is defined as
the absorption range (Ab). The polymer (1) presents the lowest value for Ab=
182.18 nm, a parameter that is not altered by introducing the benzothiadiazole
unit in (2). However, the acceptor unit promotes a separation between the main
peaks that is 49.69 nm higher compared to (1). This separation is increased by
adding the thiophene unit in (3) along with an improvement in the absorption
range (Ab= 273.2 nm). In this case, this is associated with the polymer stabi-
lization by extending the n-conjugation length and reducing the torsional an-
gle between T and BT units (11.6°).
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Figure 3.10- UV-Vis spectra of Group A polymers (a) and theoretical predictions as
obtained from TD-DFT calculations (b). Level of theory: M06/6-311G.** Reprinted
with permission from Damas et al.”> Copyright (2018) American Chemical Society.

Now considering the nature of each excitation, F8T2 (Sp— Si) has the first
maximum at Ama= 455.80 nm, whereas the last transition with £>0.02 occurs
at A=273.62 nm. The former transition has predominant contribution from the
HOMO— LUMO transition (86%). Hence, all excitations in this polymer are
originated from a m-binding to a more energetic m-antibonding molecular or-
bital, being both of them fairly distributed over the molecule in the first twenty
singlet excited states. This kind of excitation is commonly referred as a n- n*
transition.

In (2) and (3), 3-4 electronic transitions are characterized by excitations
between widely distributed HOMO, whereas LUMO+# orbitals exhibit high
localization at the BT units. Therefore, these electronic transition has a charge
transfer character that is usually associated with an improvement in the charge
separation processes in organic solar cells and photocatalytic hydrogen pro-
duction.”® In both polymers, the UV-Vis absorption spectra have a double-
peak shape that is typical for donor-acceptor (or similarly, D-n-A) poly-
mers,'* ' whereas the first peak is found to be red-shifted to 481.98 nm and
600.58 nm, respectively. Similar to (1), the second absorption maximum for
(2) and (3) are intramolecular m- * transitions. Jespersen et al.'® have found
similar results regarding the orbital localization and transition nature of these
materials in a study employing the semi-empirical method (ZINDO) to de-
scribe the UV/Vis spectrum from (2) and (3).'”
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Table 3.3 - Optical properties obtained at the range 300-1000 nm with TD-DFT cal-
culations. In the last column, nCT is the number of charge transfer transitions with f
> 0.02. Adapted with permission from Damas et al.®* Copyright (2018) American
Chemical Society.

Group A A (nm) Character f Major nCT
Contributions
F8T2 S1:455.80 Tt 3.262 H—L (86%) 0
S4:353.60 n—mt 0.331 H-1-L+1(71%)
S20:273.62 n—mt 0.020 H-4—L (38%)
PFBT S1:481.98 CT 1.382 H—L (87%) 3
S7:330.09 n—mt 1.593 H—-L+2 (85%)
S15:297.56 n—m* 0.220 H—-L+4 (52%)
PFO-DT-BT  S;:600.58 CT 2.220 H—L (76%) 4
S7:404.76 n—m* 1.610 H—-L+2 (80%)

S16:327.38 non* 0.108 H-1-L+3 (50%)

3.5.2. Optical Properties: Acceptor Tailoring

All theoretical UV/Vis spectra for Group B-D polymers can be visualized in
Figure 3.11 (a), where the dashed-line representation for (3) is intended to
facilitate further comparisons. In Figure 3.11 (b), the calculated Amax exhibit
linear correlation to their respective experimental values, showing a low mean
absolute error (MAE=35.48 nm) that indicates a very good accuracy for the
theoretical assessment.
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As seen in Figure 3.11 (a), most polymers have a UV/Vis absorption spectrum
represented by a double-peak shape, while exhibiting an average Ab= 274.1
nm. Clearly, the introduction of BTrT units in their derivatives dramatically
enhances the absorption range to reach Ab= 557.74 nm in (10). As a compar-
ison, the narrowest UV/Vis spectrum that is displayed by (7) (Ab=217.73 nm)
has a similar form to F8T2 (1), an electron-donating polymer with poor pho-
tocatalytic activity for hydrogen production. In Paper II, we have discussed
the attribution of Amax to the HOMO—LUMO transition for F8T2, PFBT and
PFO-DT-BT. This transition is also responsible for Amsx of BT-derivatives,
showing a charge transfer character for those polymers (4-6, 8-10) due to the
localized nature of LUMO. In general, Amax peaks were found red-shifted in
the order BTr < MeO< F< Sed< CN< SBTrT< SeBTrT units. In particular,
(10) exhibits the highest displacement towards lower energies (AA= 350 nm),
with an absorption peak (Amax= 950.5 nm) that lies very close to the infrared
region edge. It is also interesting to notice that the number of charge-transfer
transitions increases from nCT=5 (for 3) to nCT=8 for (10), an indication that
the electron density is concentrated at the acceptor unit upon photoexcitation
at different A. Therefore, this factor might positively impact the photocatalytic
efficiency of this material in comparison with the reference polymer (3).

3.5.3. Optical Properties and Electronic Structure: Donor
Tailoring

The UV/Vis fingerprints of selected benzothiadiazole-based polymers upon
structural modifications at the donor units can be visualized in Figure 3.12. As
expected, their absorption spectra present a double-peak shape that is typical
for polymeric materials with a donor-acceptor architecture, although some
systems also present a third peak with high intensity at lower A. Their main
absorption peaks (Amax=609.61- 767.41 nm) exhibit a red-shift displacement
of AA=9.0-166.8 nm upon comparison with (3). In this sense, the upper limit
is achieved by combining the chemical units with higher A, i. e., CPT and
VTT units in CPT-VTT-BT (20). This is still a weaker effect than that verified
upon acceptor tailoring in Paper 11, where a red-shift of about AAmax=349.9 m
has been shown by the BTrT-unit in a fluorene-thiophene-based polymer.
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Figure 3.12- Donor tailoring effects on the (a,b) UV/Vis absorption Spectra of ben-
zothiadiazole-based polymers and (c,d) AA (in nm) of the main peaks compared to
Donor I-DT-BT at the M06/6-311G (d,p) level of theory. Reprinted with permission
from Damas et al. '° Copyright (2019) American Chemical Society.

The highest absorption peak has predominant contributions given by
HOMO—-LUMO (67-87%), whereas the weaker peak is mainly associated
with HOMO—LUMO+2 (29-87%). The former electronic transition presents
a charge-transfer character in benzothiadiazole-based polymers. As previ-
ously mentioned, this is associated with the localized nature of the first unoc-
cupied orbital at the BT unit, which remains unaltered upon structural modi-
fications at the donor region. As depicted in Figure 3.13, N2p and S2p orbitals
from the BT unit have the major contributions to the first unoccupied orbital,
being followed by C2p and S2p orbitals from the donor units in a much lower
extent. In this sense, the HOMO is mainly composed by the Csp’ atoms that
form the m-conjugated system, with almost insignificant contributions from
other atoms. It is also interesting to notice that O2p or S2p orbitals from the
donor units do not compose HOMO, but they do contribute for a shift down-
wards of the first HOMO-# orbitals.
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Figure 3.13- Partial density of states for some thiophene-benzothiadiazole-based sys-
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3.6. Theoretical Assessment of Redox Potentials

To compute the potentials of redox pairs (P*/P), (P*/P), (P*/P") and (P/P"), we
have employed the thermodynamic relation between the standard redox po-
tential ¢ and the Gibbs free energies variations AGy,,) of the reduction pro-
cesses once described by Equations 3.2-3.5:

) ArG(solV) (Red)

= - (3.6)

where F is the Faraday constant (23.06 kcal mol™! V') and n corresponds to
the number of electrons that are involved in the reduction process. The Gibbs
free energies of reaction A,Gg,,p;) should be calculated in solvated environ-
ment for further description of polarization effects on the ionic species. These
calculations can be carried out in a direct approach involving relaxation steps
in the solvent medium, but it is the Born-Haber thermodynamic cycle (see
Scheme 3.1) """ the method of choice in Papers I-V and VII. This approach
involves the calculation of free Gibbs energies of the reduction in gas phase
A;G(g), but the Gibbs energies of each species in solvated environment is
taken as a single-point calculation, which is particularly advantageous for the
solid-state modelling (Paper V).'"
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Scheme 3.1- Born-Haber thermodynamic cycle for calculation of free Gibbs energy
of reaction in solvated environment.

In Scheme 3.1,
AG so1v) (Red)= A;G ) (Red)+ AG o1y (Red)- AG 51 (0x), (3.7)
where
AG(g) (Red)= AU (y)(Red)+ PV- TAS ) (Red). (3.8)

In Equation 3.7, AGyly) is the solvation energy from the oxidized (Ox) or
reduced (Red) species, as obtained using the polarizable continuum model
(PCM)'* to reproduce the dielectric constant of the medium, i. e., water
(6=78.35),% 1-bromooctane (e=5.02) or acetonitrile (€=35.69). In Equation
3.8, variations in internal energy and entropy are described by the terms AUy
and AS ), respectively. The Gibbs free energy of each component is estimated

as115

G(g): Eelet +EZPE +(Uvib+Utrans+Urot)+ PV - T(Svib+strans+srot), (39)

with a total enthalpic contribution given by the sum between the total-energy
(Eeler), the zero-point correction (Ezpg), the pression-volume term and the
thermal corrections (UyiptUpgansTUrot) to the internal energy. Similarly, the total
entropy (SvibtSeuanstSrot) 18 multiplied by the temperature T to express the en-
tropic contribution.'"

To calculate the potentials of redox pairs (P*/P") and (P"/P), the polymer
species (P*) has been optimized in the first excited state within the TD-DFT
approach by employing stepwise calculations within M06/6-31G(d) and 6-
311G(d,p) levels of theory, as used for the other cases. Furthermore, the ex-
cited state optical gap has been added to the electronic energy of P*to compose
A;G o) 1n @ proper way.

3.6.1. Modelling the Hydrogen Evolution Reaction

The overall reaction to form molecular hydrogen is a well-known process de-
scribed as''®

Hig* & —1/; Hy. (3.10)
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To generate molecular hydrogen, the hydrogen atom is first bound to the cat-
alytic center as a result of a proton-coupled electron transfer, further forming
the intermediate state Hy,q), as indicated by the reaction

Higt e+ * — Heq). (3.11)

In Equation 3.11, the asterisk corresponds to the catalytic site from the poly-
mer, i.e., nitrogen, sulfur, oxygen and selenium atoms. The strength on the
hydrogen-copolymer chemical bond has been evaluated by computing the hy-
drogen binding free energy AGy, also reported as an important descriptor for
the process.'® In this sense, a high positive AGy indicates poor hydrogen bond-
ing ability, whereas too negative values do not favor the hydrogen release.
Therefore, a good catalyst is expected to have a hydrogen binding free energy
lying between these limits, while as close as possible from the ideal condition
(AGH=0). '

The procedure to calculate the descriptor AGy consists basically of obtain-
ing the thermal corrections to the electronic energy, which has been attained
by submitting the molecular structures to the frequency calculations at the
ground-state after the optimization step. The hydrogen binding free energy in
gas phase is then calculated through the relation®

AGr) = G- Gey- 1/2 Gan) (3.12)

where the first term gives the Gibbs free energy of the hydrogenated polymeric
system and the second and third terms represent the free energies of the pristine
polymer and hydrogen molecule, respectively. Solvation effects on AGy ) have
also been evaluated by using the Born-Haber thermodynamic cycle described
in Scheme 3.1. In Papers I-1I, water was the solvent of choice for the theoret-
ical predictions, based on its use in the experimental measurements. In Paper
111, the analysis was extended to 1-bromooctane and acetonitrile.

Conjugated polymers acting as photocatalysts for hydrogen production
should also present favorable thermodynamic driving force to promote the re-
duction reaction described in Equation 3.10, a quantity often called as catalytic
power, 1. e.:

, (3.13)

AG= |¢P/P' "I’H*/HZ
or, equivalently,

: (3.14)

AG= | Opt p* "1’H*/H2

where ¢, and ¢, ,« correspond to the potential of redox pairs (P/P’) and
(P*/P"), respectively. In Papers II-11I, we have used the proton reduction po-
tential in standard conditions (¢ M, 4.44V).B
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3.6.2. Thermodynamic Driving Force for Charge Transfer:
Acceptor Tailoring

In Section 3.1, I have started the discussion about how approximating the po-
tentials of redox pairs (P/P") and (P"/P) to the frontier orbital energies can be
misleading even using experimental optical gaps to correct Erumo. Here, I pre-
sent a qualitative comparison between both methods to estimate the thermo-
dynamic driving force (AG) for electron transfer processes in fluorene-based
polymers, which is shown in Figure 3.14. General trends for Group A (1-3)
remain unaffected by the methodology, but other Groups (B-D) exhibit slight
variations that are found important for photocatalytic design purposes. All pol-
ymers exhibit suitable AG to promote the proton reduction, as well as ¢ .+
Enowmo lying sufficiently low for further reduction by a sacrificial agent.
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Figure 3.14- a) Diagram of energy levels for fluorene-based polymers containing dif-
ferent acceptor entities and b) potentials of redox pairs (P/P-) and (P*/P). The proton
reduction energy is defined at pH=0 with -4.40 eV (a) or 4.40 V (b). Adapted with
permission from Damas et al.”> Copyright (2018) American Chemical Society.
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An interesting feature is revealed by using the Hammet parameter (c,)'"’ to
quantify empirically the substituent effect in Group B polymers (4-6). In this
sense, an increase in the withdrawing character is correlated with a shift down-
wards in ¢, -and ¢ ,+ , or, equivalently, ELumo and Enomo. However, ¢, .- for
(4) and (6) has much lower difference than that found by using the frontier
orbital energies. In this sense, a diminished thermodynamic driving force for
electron transfer for (5) can represent a disadvantage to drive this uphill reac-
tion and compensate for the overpotentials, even with a potential of the redox
pair (H"/H») positioned at -4.16 €V for pH= 4. From this point of view, MeO
and F-substituted polymers are stronger candidates for HER photocatalysis
than the CN-based compound itself. However, Group D (9-10) are still more
interesting for photocatalytic purposes because they present a drastically de-
crease in the optical gap, while still showing driving force to promote the
charge transfer processes.

3.6.3. Thermodynamic Driving Force for Charge Transfer: Donor
Tailoring

In this part, I evaluate the electrochemical window for benzothiadiazole-based
polymers with a varying donor unit in 1-bromooctane or aqueous medium.
The former environment gives us the description of charge transfer processes
that takes place inside the bulk material, but it is the latter that comprises the
ideal condition where the polymer is well dissolved in aqueous solvent. Figure
3.15 displays the potentials for redox pairs (P"/P) and (P/P) in the black
curves, being these quantities comparable to the reported values from cyclic
voltammetry. The so-called fundamental gap exhibits better agreement with
experimental values by using water as the implicit solvent, with deviations of
about 0.05-0.32 eV.
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Figure 3.15- Electrochemical window obtained for benzothiadiazole-based polymers
via ab initio calculations in a) 1-bromooctane and b) water. Ge, N and Si are simpli-
fications for PGF, PCz and PSiF-based polymers. Reprinted with permission from
Damas et al.'” Copyright (2019) American Chemical Society.
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In Figure 3.15, it is also clear that the solvent environment does not affect the
general trend upon donor tailoring, but it does affect ¢, - to promote a shift
downwards in this quantity. The potentials for redox pairs (P*/P") and (P*/P")
that are represented by red curves indicate lower thermodynamic driving
forces for charge transfer processes upon photoexcitation, which demonstrate
its importance for proper assessment of these quantities. All systems have cat-
alytic power for proton reduction, being ¢+ - a quantity this is more affected
upon donor tailoring. In particular, cyclopentadithiophene units promote a
higher shift in ¢, to diminish AG for hole removal.

3.6.4. Hydrogen Binding Free Energies: Group A polymers

In Table 3.4 and Figure 3.16 (a), we can visualize the thermodynamic proper-
ties of the hydrogen binding free energies in gas phase and including the solv-
ation effects. These results were obtained at B3LYP/6-31G* with single point
using 6-311G** basis set, being published in Paper I. In principle, no signifi-
cant differences were found in the AGy values upon inclusion of an implicit
solvent, indicating that the gas phase can be safely used to describe these prop-
erties while saving computational resources and time. From this point, AGg,
will be referred simply as AGg. It is also valid to mention that the dimer mod-
els utilized for this study provide a total number of four nitrogen atoms at the
BT blocks, enabling an analysis on the hydrogen content over the binding free
energy, as described in the last lines in Table 3.4 and Figure 3.16 (b).

Table 3.4 - Hydrogen binding free energies obtained in gas phase and aqueous me-
dium. Level of theory: B3LYP/6-31G*(6-311G** ). Palas et al®- Published by The
Royal Society of Chemistry.

System Site Gas phase Solvated phase
AGrg) AGrg  AGrgon)  AGH(oly)
(a.u.) (eV) (a.u.) (eV)
F8T2-H S 0.083 2.264 0.083 2.264
PFBT-H S 0.078 2.110 0.073 1.990
PFBT-H N 0.024 0.657 0.022 0.599
PFO-DT-BT-H S 0.082 2218 0.081 2.217
PFO-DT-BT-H N 0.026 0.711 0.023 0.632
PFO-DT-BT-2H (cis) N 0.020 0.272 0.017 0.235
PFO-DT-BT-3H (cis) N 0.045 0.408 0.039 0.357

The first hydrogenation process shows remarkable differences if considered
the nitrogen or sulfur atoms as the interaction sites. As displayed in Table 3.4
and Figure 3.16 (a), the energetics towards H, formation is clearly enhanced
from the analysis of the N-H bond at the BT block in (2) and (3), with a re-
duction in 1.5 eV (AGu ~ 0.7 eV) in the overpotential required to form the
intermediate state in comparison to the S-sites (AGy ~ 2.2 e¢V). The stronger
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interaction is also noted by considering that the H-N bond is shortened in 0.38
A compared to H-S bond in both cases. Comparatively, the absence of nitro-
gen catalytic sites in (1) reflexes in an unfavorable AGylying in the same range
as the sulfur sites in (2) and (3).

al

ey
(=]
T

b)
1.2f- _ M

H;

Figure 3.16- Hydrogen binding free energy (AGn) a) for the first hydrogenation at the
nitrogen and sulfur catalytic sites and b) for different hydrogen content. Level of the-
ory: B3LYP/6-31G* (6-311G**). Palas et al*- Published by The Royal Society of Chem-

istry.

The hydrogen content has a great influence over the adsorption energy, as
shown in Figure 3.16 (b). For polymers (1) and (2), the second hydrogenation
process at the same BT unit -symbolized by 2H* in Figure 3.16 (b) - reduces
the adsorption energy to about 0.27 eV, whereas a raise to about 1.1 eV is seen
when considering the same process at different monomeric units, as symbol-
ized by 2H**. By saturating the first BT unit, the addition of a third hydrogen
(3H) raises the overpotential compared to 2H*, but not enough to reach the
first hydrogenation overpotential. Moreover, the fourth catalytic site can re-
ceive a hydrogen atom with the cost in energy of about 0.28 eV, which
strongly indicates that the first/third hydrogenation favors the second/forth
ones.

3.6.5. Hydrogen Binding Free Energies: Acceptor Tailoring

In Paper I, the role of nitrogen catalytic sites in (2) and (3) was unveiled
through an analysis that involves AGy as a descriptor for HER. It has been
basically demonstrated that a more favorable N---H interaction was responsi-
ble to decrease the overpotential from 2.2 eV to approximately 0.7 eV for both
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polymers. This study has been expanded to the Groups B-D polymers to give
an interesting picture within the M06/6-311G** scheme. In Figure 3.17, these
results are graphically summarized with additional value for platinum (AGy=
-0.1 eV, dashed line).'"®

2. PFBT 8.PFO-DSed
1.5}~ 3proorer 9.PFO-DSBTFT
4.PFO-DIBT ? 9. *PFO-DSBTIT
1 2 | 5.PFO-DCNBT 10.PFO-DSeBTrT
' 6.PFO-DMeOBT 10.*PFO-DSeBTIT
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Figure 3.17- Overpotential for hydrogen evolution reaction calculated for polymers
(2-10). For (9) and (10), the values referring to the second catalytic site at the triazole
sub-unit present an asterisk (*). Adapted with permission from Damas et al.®> Copy-
right (2018) American Chemical Society.

Similar to F8T2 (1), the combined properties of high overpotential (1.31 eV)
and narrow absorption spectrum (Amax= 523.40 nm) indicate that (7) might not
be interesting for application in photocatalysis. Nonetheless, the other materi-
als have an improved interaction with the hydrogen atom allowing the for-
mation of an intermediate state with lower energy cost. Except by fluorination
of the BT block, the cyano-functionalization (5) and the replacement of sulfur
atom by selenium in (8) sinks AGy to 0.35 eV. An even deeper impact is seen
by considering the BTrT-derived units in (9) and (10), where the combination
of the fused ring with selenium atom in PFO-DSeBTrT (10) is responsible for
a very low AGp= 0.02 eV. This excellent prediction is specially close to the
thermodynamic ideal value, while lower than platinum in absolute values.'"®

3.7. Kinetic Considerations

As the intermediate state is formed, there are several pathways the molecular
hydrogen can undergo. As mentioned by Putungan et al. '', two plausible
mechanisms can be cited as

2H,q) — Hag (3.15)
and

Haq)'i‘ e+ H(ad)_> HZ(g)' (3 16)
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In Equation 3.15, the adsorbed hydrogen atoms interact among themselves to
generate the final product, whereas in the second process one adsorbed atom
receives a proton-coupled electron transfer involving protons from the solvent
medium.

In Paper 1, as a first assessment for the kinetic barrier involving transition
states for hydrogen production, I have built several possible structures with a
varying H-H distance in order to simulate the reaction mechanism described
in Equation 3.15. In this sense, the H---H interactions at the same moiety or
from different dimers are considered as distinct pathways. Since these transi-
tion states are not local minimum in the potential surface given by the optimi-
zation process, it was necessary to freeze these distances, although the poly-
meric system was fully optimized. A first analysis of the kinetic barriers
through different pathways toward H, formation has been achieved within the
B3LYP/6-31G* level of theory. In the black pathway shown in Figure 3.18,
two interacting hydrogen atoms are located at the BT moiety, with a calculated
barrier of 3.12 eV. On the other hand, when this interaction occurs between
hydrogen atoms from different dimers, a significant decrease in the activation
energy is observed, strongly suggesting that this pathway is more likely to
occur, although the thermodynamics results point out for a favored second
hydrogenation at the same catalytic center.
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Figure 3.18- Kinetic barriers calculated through different pathways for hydrogen evo-
lution reaction. Palas et al®- Published by The Royal Society of Chemistry.

3.8. Exciton Binding Energies

In Section 3.5, the excitonic state has been introduced as an electron-hole pair
that is formed under photoirradiation at a certain wavelength (A). This qua-
siparticle has an intrinsic electrostatic interaction holding the charge carriers
together by a certain amount of energy, the so-called exciton binding energy
(Ev). Thus, we should expect that lower E, would lead to faster charge disso-
ciation processes that can positively impact the photocatalytic efficiency for

47



hydrogen production. In fact, the recent report by Lan e al.''® have demon-
strated this relation in dibenzothiophene-S,S-dioxide-based polymers with do-
nor-acceptor architecture, which shows the relevance of computing this prop-
erty for photocatalyst design. In Paper 111, E, has been calculated by taking
the difference between the fundamental (Ef) and optical gap (Eop), i. €.:”!

Eb:|(¢P/P' - ¢p+/P)| - Eopt- (3.17)

To compute ¢, and ¢+ ,,we have first considered the convention of ap-
proximating the Gibbs free energies of reaction in solvated environment
(AG(solyy) by the sum ™!

ArG(solv) (Red): A15:/&31&3t(g) (Red) +AG(SOIV) (Red) _AG(SOIV) (OX) . (3 1 8)

This is justified by assuming that the exciton state is a very fast process that
does not enable any relaxation upon electron transfer. In Equation 3.18, the
total electronic energy (Ecit) of the ionic species, as well as E,p have been
calculated on the ground-state geometry of the neutral polymer.'""'*" Relaxa-
tion effects are account for by using a non-approximated quantity for A;G )
to obtain the fundamental gap. Additionally, these effects are assessed by op-
timizing the geometry structures in the first excited state to estimate the optical
gap. Partial results are shown in Figure 3.19, but the reader is referred to Paper
I for more details.

It should also be pointed out that these photocatalysts usually form thin
films or nanoparticles where excitons are formed/dissociated in their inner
part. To account for such different chemical environments, we have used dif-
ferent solvents with varying dielectric constant in the implicit solvation model
such as water, acetonitrile and 1-bromooctane.’>'?' The latter solvent is of par-
ticular interest since its dielectric constant (€ ~5.0) is very close to that meas-
ured for similar polymers.'?! In general, Ey, shows a substantial decrease from
gas phase to solvated environment. In this sense, higher dielectric constants
offered by acetonitrile and aqueous environment are expected to promote eas-
ier exciton dissociation in these materials, which is particularly valid upon
good dispersion in the solvent medium.
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Figure 3.19- Exciton binding energies for benzothiadiazole-based compounds in gas
phase (black curve) and solvent environment (colorful curves). Adapted with permis-
sion from Damas et al. '° Copyright (2019) American Chemical Society.
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Although the heteroatom substitution at the fluorene unit by Ge, N or Si is not
effective, the cyclopentadithiophene-based polymers present a great reduction
in E,=0.29-0.36 eV in 1-bromooctane (see Figure 3.19 (a)), but this effect is
verified regardless the dielectric constant or if the relaxation effects are taken
into account. As detailed in Table 3.5, an increase in the donor/acceptor ratio
to form HOMO leads to a diminished £, as the charge carriers present higher

spatial separation with an improved donating character.

Table 3.5- Donor/Acceptor ratio for composition of frontier orbitals and Ep in gas
phase as obtained through ground-state geometries. Level of theory: MO06/6-
311G(d,p). Adapted with permission from Damas et al.!® Copyright (2019) American

Chemical Society.

System D/A ratio D/A ratio Ep
HOMO LUMO (eV)
PFO-DT-BT 3.68 0.32 1.84
PFO-VTT-BT 6.61 0.31 1.51
CPT-DT-BT 6.24 0.43 1.69
CPT-VTT-BT 10.90 0.43 1.43
O-BzT-DT-BT 532 0.44 1.74
O-BzT-VTT-BT 9.30 0.42 1.47
T-BzT-DT-BT 6.19 0.35 1.67
T-BzT-VTT-BT 9.07 0.41 1.47
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4. Molecular Modelling of Symmetric Small-
Molecules for Hydrogen Evolution

Small-molecules (SM) constitute a class of organic materials with well-de-
fined weight that offers the possibility of synthesis in several configurational
architectures.'??'?* In this sense, these materials can be applied in photocata-
lytic hydrogen production as they have exhibit sunlight absorption at the UV-
Vis region,'?*"'?° with an energy gap that can be adjusted by combining chem-
ical moieties with donating and accepting character.” In the next sections, I
summarize the results from Paper IV, where a set of small-molecules have
been evaluated via ab initio methods for potential applicability in photocata-
lytic hydrogen production.

4.1. Systems under investigation

In Figure 4.1 the small-molecules of interest have their central donor region
given by the cyclopentadithiophene unit, which is linked to thiophene (T) or
3,4-ethylenedioxythiophene (EDOT) units. The acceptor is the well-known
benzothiadiazole (BT) unit in connection with thiophene or accepting 1,3,4-
thiadiazole (Tz) units. In SM-DFM compounds, the benzothiadiazole unit has
been functionalized in the 5,6 positions by difluoromethoxy (DFM) groups.

SMI1-X SM3-X
— L & — | : oA i
&x//L_"“.// I —_{.ﬁ—lf\$ —.‘;u“ il \\Ir"\\_,/l' ____’-"t &--2%{ -l':f S_L\Eﬁ\:\__( s ! [
U ST vV av Ty
Y ; v
SM2-X 7 sM4x
" e,
. N
' I ) B [
'8 \\,.-"\" y L L D1 ‘»~.//'“~.I_I N da st Y

JNI—.» \ / 3
Figure 4.1— Chemical structures of SM-X compounds (X=H or DFM). They differ by

the difluoromethoxy (-OCF,H, DFM) functionalization at the benzothiadiazole unit,
as indicated by the orange dots.

To assess the UV-Vis absorption fingerprints and the thermodynamic driving
force for charge transfer-related processes, we have chosen Gaussian 16* to
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perform the calculations in gas phase and aqueous environment within the
MO06/6-31G*(6-311G**) level of theory in a stepwise sequence. More details
on the computational approach are available in Paper V.

4.2. UV/Vis Absorption Spectra

The systems herein under investigation exhibit a low intrinsic energy gap ly-
ing in the range 1.72-1.82 eV that enables their applicability for UV-Vis ab-
sorption. This property is determined by the electronic transition between
HOMO/LUMO orbitals to generate the first maximum at Amax= 684-719 nm.
Hence, these molecules present a broad absorption spectrum with A=318-719
nm, as depicted for selected systems in Figure 4.2.
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Figure 4.2- Theoretical UV—Vis spectra for SM-DFM compounds with intensities
weighed by the oscillator strength of each electronic transition. Level of theory:
MO06/6-311G**. Reprinted with permission from Damas et al (Paper IV). Copyright
(2019) American Chemical Society.

To unveil the electronic transition nature with highest contribution to the main
absorption peaks, we have plotted the spatial distribution of frontier orbitals
for the functionalized molecules. In Figure 4.3, we can visualize an overall
delocalization of the highest occupied molecular orbital over the donor region
defined by cyclopentadithiophene, T or E-DOT units. The benzothiadiazole
unit guarantees a localized electron density upon photoexcitation, which is
partially extended to the thiadiazole units in the termination sites. Therefore,
the first electronic transition has a charge-transfer nature that is expected to
avoid losses from charge recombination processes.® In contrast, the HOMO—
LUMO+2 occurring at A, < 490 nm has an intramolecular n-n" character, as
the involved orbitals are found widely distributed over the n-conjugated sys-
tem.
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Figure 4.3 —Spatial distribution of frontier orbitals that participate in the main elec-
tronic transitions of SM-DFM compounds obtained at the isovalue= 0.02. Reprinted
with permission from Damas et al. (Paper IV). Copyright (2019) American Chemical
Society.

4.3. Reaction Thermodynamics

The analysis of potentials of redox pairs that are depicted Figure 3.9 has been
extended to the small-molecules in the present study. The outcomes clarify
that a positive catalytic power for electron transfer to generate hydrogen is
found for all systems. Furthermore, the following effects have been verified
upon structural modifications (see Figure 4.4):

(1) Thiadiazole (Tz) units at the terminations promote a shift of ~0.3V on the
potentials of redox pairs (SM"/SM") and (SM/SM");

(2) The donating character from EDOT units moves upwards the potentials of
(SM/SM") redox pairs in about 0.34-0.48 V, but it does not affect significantly
the redox potentials associated with Erumo;

(3) Difluoromethoxy (DFM) groups improve the acceptor character from the
BT unit by shifting the potentials of redox pairs (SM/SM") and (SM'/SM)
downwards in about 0.04-0.26 V.

Based on earlier work by Wang et al.,'*® we have explored the concept of
forming cooperative photocatalysts couples aiming at enhance the photocata-
lytic efficiency. As illustrated in Figure 4.4 (a), three couples have been pro-
posed in accordance with the proper alignment of their redox potentials. For
instance, in Couple 2 the photoexcitation of SM2-DFM at A= 687.96 nm leads
to a favorable hole transfer (SM2— SM3). Similarly, SM3-DFM can be pho-
toexcited at A= 704.26 nm, a process that is followed by electron transfer from
SM3—SM2. The thermodynamic driving force (AG) is about 0.3 eV for these
processes.
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Figure 4.4— Redox potentials (vs. SHE) for the systems under investigation are indi-

cated by the black and colourful horizontal bars. Reprinted with permission from
Damas et al. (Paper IV). Copyright (2019) American Chemical Society.

The quantity defined by the hydrogen binding free energies (AGy) has been
employed for further evaluation of nitrogen atoms acting as the catalytic sites
to form the intermediate species. In Paper IV we have basically tested the ni-
trogen atom originated from BT or Tz sites. At the BT unit, AGy suffers a
decrease of ~0.2 eV upon introduction of EDOT units in SM3- and SM4-DFM
compounds. However, Tz sites hold the lowest values for hydrogen binding
free energies in the series. In particular, this quantity reaches a minimum value
for the Tz site in SM4-DFM (AGu= 0.08 eV) that is comparable to the well-
known platinum catalyst (AGy= -0.10 eV)''®. As depicted in Figure 4.5, the
lowest binding free energies are found for the catalytic sites that are situated
next to EDOT or DFM groups. In fact, the latter group has an important role
on improving the hydrogen interaction with the molecular system by provid-
ing oxygen atoms that are also able to interact with the newly added hydrogen
atom. In SM-H compounds, the absence of DFM groups is actually the reason
behind the higher hydrogen binding free energies for similar compounds (see
Paper IV for more details).
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Figure 4.5 — Molecular structures of SM after hydrogenation at the benzothiadiazole
(BT) or thiadiazole (Tz) site. In detail, the hydrogen binding free energies (AGn) at
the corresponding catalytic site. Reprinted with permission from Damas et al. (Paper
IV). Copyright (2019) American Chemical Society.

54



5. Solid-State Modelling of the Carbon Dioxide
Reaction on Sn-based Electrodes

In the context where new alternatives are sought to deal with the global warm-
ing problem,*'*? the carbon dioxide recycling into valuable fuels represents a
step forward to an environment friendly society. Sn-based electrodes have
been extensively investigated for this application'**""* for its low toxicity and
price, while also exhibiting high efficiency for formic acid production with a
low associated energy cost."*’ In the contribution from Paper V, we have com-
bined experimental and theoretical approaches to understand the role of tin
oxide surfaces in the formic acid production from carbon dioxide. In particu-
lar, our collaborators have prepared two tin-based electrodes that were sub-
mitted to acid etching process for further removal of the tin oxide layer. Inter-
estingly, the analysis from X-ray photoelectron spectroscopy (XPS) has
shown that both electrodes presented a very similar composition of SnO, (86
and 94%) and metallic Sn (14% and 6%) regardless the time of air exposure.
Furthermore, the cyclic voltammetry measurements have returned an onset
potential at ca. -0.8 to -0.9 V (vs. RHE) for product formation, with a maxi-
mum faradaic efficiency of about 90- 92% at -1.25 V (vs. RHE). In this Sec-
tion, I describe the theoretical modelling of tin-based electrodes based on SnO
and SngO4(OH)4 bulk structures along with the main outcomes to provide im-
portant insights into the reaction mechanism herein under investigation.

5.1. Computational Approach

The Vienna Ab-Initio Simulation Package (VASP) % is the code of choice to
perform the ab initio calculations in Paper V. The Kohn-Sham equations were
solved within the project augment wave (PAW) scheme. In the next subsec-
tions, I detail the stepwise procedure to attain the SnOy surface model that is
suitable to study the reaction thermochemistry in the present study.

5.1.1. Bulk Structures

The description of the SnOy layers has been achieved by selecting SnO and
SnsO4(OH), as the tin-based materials. The initial lattice parameters and ionic
positions have been obtained from the crystallographic data,”'**'% being
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fully optimized by using the Perdew-Burke-Ernzerhof functional (PBE)”' with
inclusion of D3-Grimme corrections.®> The bulk structures for these systems
are illustrated in Figure 5.1.

The tin (IT) oxide is usually described as a semiconductor with small band
gap (Eg.= 0.7 eV),"! but it can also present semi-metallic character. This ma-
terial has tetragonal structure with the symmetry determined by the P4/nmm
space group. At the PBE/700 eV level of theory, the band gap is underesti-
mated to 0.3 eV, a problem that is not supposed to affect the reaction thermo-
chemistry. However, it has been verified that the HS06 functional is able to
reproduce the experimental value by using 38% of exact exchange. The tin
(IT) oxyhydroxide has crystallization within the P 4 2,c space group showing
large band gap (E,=3.36 eV) as determined with the HS06 functional (38%
exact exchange).

Figure 5.1. a) Tin (IT) oxide (SnO) and b) tin (II) oxyhydroxide (SnsO4(OH)4) bulk
structures as obtained from optimization at PBE level. Red, silver and white colors
represent O, Sn and H, respectively (Damas et al.).'!3

5.1.2. Slab Models

At this stage, the bulk structures have been cut in different directions for crys-
tal growth. From this point, a varying number of 3-11 layers for SnO and 2-6
layers for SnsO4(OH)s were used to determine the most stable facet. This anal-
ysis has been performed based on the energy that is necessary to form the
surface from an initial bulk material, i. e., the surface energies (y)'**

Estab-Epulk

- (5.1
In Equation 5.1, E correspond to the total energies from the slab model Egap
and the bulk structure Eyux, whereas ¢ is the number of layers and A4 is the
surface area.

The outcomes reveal that the lowest surface energy for the SnO slabs is the
[001] orientation, with y= 0.353 J/m?. For SnsO4(OH)s, the [011] orientation
has been selected since it presents a closed-packed structure with low y=0.175
J/m?. The final slab structure was constructed by expanding the surface area
in 2x2, while reducing the slab thickness to two-layers to reduce the compu-
tational time. For SnO, it has also been added -OH surface groups in order to
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reproduce the hydroxylation process on tin-based electrodes (see Figure 5.2
(a)). Therefore, this model is further referred as SnOOH or Model 1. For
Sns04(OH,), now referred as Model 11, it has also been considered the isolated
cluster placed in the middle of an empty box (see Figures 5.2 (b) and (¢)).

[a) R —

}__

i
J&' HEEE | 5

Figure 5.2. Slab structure for Models (a) I and (b, c) II. In (c) the cluster from Model
I is disposed in the centrum of an empty box, simulating a non-crystal environment.

In Model I, there is a relation of two hydroxyl groups for each Sn surface atom (Damas
etal).'’

5.1.3. Electronic Structure

The total and partial density of states for Models I and II are shown in Figure
5.3. The top of the valence band is formed by O 2p and Sn s orbitals, which
is indicative of charge transfer between these atoms. On the other hand, Sn 5p
and O 2p antibonding states have predominant contribution to form the bottom
of the conduction band. Here, the unique difference exhibited by the cluster
system is the enlarged band gap due to quantum confinement effects.
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Figure 5.3. Total and partial density of states of Models a) I, b) II and c) the cluster in
a non-periodic environment. The Fermi energy is set to zero (Damas ef al.).'!?

5.2. Carbon Dioxide Insertion

The first step in the electrocatalytic process for formic acid generation is the
insertion of carbon dioxide molecule into the -OH group localized at the sur-
face from Models [ and II, but also present in the cluster system. This insertion
step is followed by the formation of a tin-carbonate species that remains bound
to the surface model until the applied potential is raised. In order to evaluate
the feasibility of this process in a thermodynamic point of view, the variation
in energy (AE) with the molecule adsorption has been calculated in gas phase
and aqueous environment. The latter has been attained by using the Born-Ha-
ber thermodynamic cycle described in Scheme 3.1, with solvation energies
obtained in VASP-Sol code.'® It is clear from Figure 5.4 that the carbon di-
oxide insertion into the -OH group is a thermodynamic favorable process re-
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gardless the model (AE= -0.32 to -0.75 eV), although SnOOH (Model I) ex-
hibits a stronger C-O bond between the adsorbate and surface to hold the in-
termediate species.
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Figure 5.4. Schematic representation of carbon dioxide insertion at -OH site in the
electrocatalyst surface of a) Model I, b) Model II and c¢) cluster. AE stands for variation
in the electronic energy with inclusion of solvation energies, except for the values in
parenthesis (Damas et al.).'3

5.3. Reduction Reaction

In the next step, the tin-carbonate species undergoes to a proton-coupled elec-
tron transfer that results in product formation, where the formic acid is re-
leased by connecting the hydrogen atom to the carbon site (see Figure 5.5).
Nonetheless, tin and oxygen atoms have also been tested as interaction sites
with the newly added hydrogen atom to generate water, carbon monoxide or
molecular hydrogen in Model I, as seen in Figure 5.6. These processes have
been evaluated by computing the reduction potentials (¢) from Equations 3.6-
3.8. To accomplish this task, the Gibbs free energies of reaction in aqueous
environment have been approximated to the sum between electronic and solv-
ation energies, a relation that was clarified in Equation 3.18. Values in Figures
5.5 and 5.6 are given in reference to the reversible hydrogen electrode (RHE).

Model I (¢= -1.09 V) has the best agreement with our experimental out-
comes, i.e., onset potential at -0.8 to -0.9 V and maximum faradaic efficiency
at g=-1.25 V. In Figure 5.7 (b), the alternative pathway resulting in hydrogen
evolution reaction is expected to be a competitive reaction in a theoretical
point of view (¢=-0.57 V), but its production is just found significant at much
lower potentials upon the SnOy layer reduction to metallic Sn. On the other
hand, Model II has a much lower value ¢=-1.65 V that is far more coherent
with the previous report by Baruch et al."*? For this system, the crystal envi-
ronment does not exhibit major differences from the layered structure in the
pathway involving the release of formic acid.
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Figure 5.5. Schematic representation of the proton-electron coupled transfer in the
electrocatalyst surface of Models a) I, b) II and ¢) the isolated cluster. £ stands for
redox potential vs. RHE (Damas et al.).!'?

+H* + e
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Figure 5.6. Alternative pathways for the first hydrogenation process on the a) and b)
O-site and c) Sn-site, with no formic acid as the resulting product. Values are given
vs. RHE (Damas et al.) '3
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6. Molecular Modelling of Ru-complexes for
Electrocatalytic Applications

In this section, I briefly describe the initial assessment of minimum energy
geometries and multiplicity states for [Rull(bpy)2(py)(OH.)]2*" and its oxida-
tion products, which have been investigated in Paper VI. Additionally, I con-
sider the [Ru(bpy)2(CO).]*" complex as the starting material for carbon diox-
ide conversion into formic acid in the contribution from Paper VII. In this
study, the reduction pathways have been studied along with the reaction mech-
anism that takes into account the formation of a hydride complex in solution.
In fact, the electrochemistry associated with the oxidation processes has also
been investigated for a future publication, but it will not be shown in this the-
sis.

6.1. Computational Approach

6.1.1. The [Rull(bpy)2(py)(OH2)]*" Complex and Derivatives

The [Rull(bpy)2(py)(OH,)]** starting complex has an octahedral coordination
geometry with water and pyridine ligands disposed at the cis-positions related
to each other (see Figure 6.1). In Paper VI, this d® complex undergoes to dif-
ferent pathways upon oxidation leading to molecular intermediates that can be
represented by the general formula [Ru(bpy)2(py)(L)] ™, where L is the ligand
(water, hydroxo or oxo ligand) and y is the complex total charge (+1,+2,+3).
Additionally, the ruthenium atom presents a varying formal charge (II-V).
The quantum chemistry calculations were held in gas phase within the den-
sity functional theory framework as implemented in Jaguar code program.'**
The B3LYP/6-311G (d,p) level of theory was chosen for the energetic calcu-
lations at 0 K, but thermal corrections were also applied to the internal energy
for a proper assessment of the Gibbs free energies of each system. For ruthe-
nium, it was necessary to use the LACV3P pseudopotential. The molecular
geometries with minimum energy were then used to perform the Monte Carlo
simulations in aqueous environment, an approach that is out of scope of this
thesis. In general, the lowest spin multiplicity is the configuration of choice
for [Ru(bpy)(py)(L)]” and [RulV(bpy).(py)(O-OH)]" complexes by about
1.2- 36.9 kcal/mol, where L is the water or hydroxo ligand. On the other hand,
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other monomeric RulV-based complexes have shown a higher stabilization
with two unpaired electrons by about 12-23 kcal/mol.

A} \
.
— A
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Figure 6.1- Molecular geometry of [Rull(bpy).(py)(OH,)]*". as determined within the
B3LYP/LACV3P/6-311G (d,p) level of theory in Jaguar code.'*

6.1.2. The [Rull(bpy)2(CO):]** Complex and Derivatives

In Paper VII, the pathways of reduction of the starting Ru-complex
[Rull(bpy)2(CO),]*" have been investigated by using density functional meth-
ods in Gaussian 09.® To compute the redox potentials in aqueous environment
from Equations 3.6- 3.9, it has been employed the Born-Haber thermodynamic
cycle shown in Scheme 3.1. Figure 6.2 exhibits the structural formula of the
starting Ru-complex (1), which has electrocatalytic activity for carbon dioxide
reduction upon the attachment on N-Ta,0Os semiconductor in acetonitrile/TEA
(5:1) solution.'*® This complex is stabilized in an octahedral geometry con-
taining a ruthenium metallic center with electronic configuration [Kr] 4d® and
valence +2. Thus, (1) is a low spin state complex with a closed shell configu-
ration.

co

s Ty TR
i W

Figure 6.2- Molecular geometry of [Rull(bpy).(CO),]*", as determined within the
B3LYP/SDD/6-311++G (2df,2p) level of theory in Gaussian 09.93
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6.2. Reduction Pathways for Ru- Complexes:
Thermodynamics Aspects

In Figure 6.3, we can follow the possible undergoing pathways for the starting
complex [Ru(bpy)2(CO),]*" (1) upon reduction. All values for redox potentials
are given in V (vs. the calculated SHE, ¢=+4.26V). The first electron injection
has a calculated ¢=-0.69 V at the B3LYP/6-311++G (2df,2p) level of theory
and solvation model (PCM), showing a very good agreement with the experi-
mental reported value in acetonitrile (¢= -0.7 V).'*> From this point, (2) is
likely to release the CO ligand in the solvent medium, a process that is fol-
lowed by the generation of the hydride complex (7) at ¢= -1.04 V, which is
the active species for the electrocatalytic process. In fact, this reduction step
is supported by the experimental measurement in presence of carbon dioxide
(¢=-1.0 V).'* In Figure 6.3, it is also available the route that takes into ac-
count the bipyridine ligand release (left pathway), which leads to the polymer-
ization in solution.

Loss of bpy Loss of (_'(}.
8 1 )54 i
Trimerization Dimerization [Ru(bpyCO)]* ammmmmmeammenes [Ru(bpy o COY [ wommeeeieecs. [Rubpy),(CO)*
15 i 12 2o 8% P s i
[RubpyNCON )5 mesmsemsisasancs [Rufbpy)(CO)y]2* +2A40Y i 17y e oy
[ ' ¥ R H
sirr ] AN : 2 iap 2 5 ¥
- | [Ru(bpyCO),]*  s=[Ru(bpy),{CO),| [Rufbpy),(COYJ*
16 + « 13 30 ) N s T
[Rufbpy)(CO)y]y" awamemsiameameas [Ru(bpy)(CO),L* e 020 Ve sl o H
) 10 - 3 | B
e [Ru(bpy}COY,]0 ammmezmrsmsanes [Ru(bpy )y CON,J0 wemmemmemionionnes [Ru(bpy)y(COY)"
i 15 14 y: ,.'v’/ . ’
[Ru(bpy}CO] 4mmrmrmrmenme=s [RufbpyHCOY ] +H +H' | -54.36
11 7
[Ru(bpy)(CO),H]* [Ru(bpy),(COMH]*

Figure 6.3- Reduction Pathways of Ru-based electrocatalysts for carbon dioxide con-
version into formic acid, with values given in V vs. SHE (green) or kcal/mol (blue).
Level of theory: B3LYP/6-311++G(2df,2p)/ PCM solvent implicit model.

6.3. The Reaction Mechanism

To further evaluate the formation of different intermediates for formic acid
production, we have considered the carbon dioxide insertion via carbon (-
COOH) or oxygen (-OCHO) atom into the Ru-H bond from the so-called hy-
dride complex (7). The reaction pathway is displayed in Figure 6.4, where the
A:Gsolvy values are given in reference to the initial hydride complex (7).
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Figure 6.4-Energy diagram for different pathways of CO, conversion with A/Gsolv)
(kcal/mol) given in relation to the hydride complex (7).

In this process, the proper alignment between reduction potentials from carbon
dioxide and the Ru-complex itself enables an internal charge transfer to the
reactant, as evidenced by the negative charge (-0.41e and -0.52¢) concentrated
on these intermediates. In this sense, the estimated energy barrier to generate
[Ru(bpy)2(CO)YCOOH)]"(18) is AGgovy= +9.72 kcal/mol, whereas the
[Ru(bpy)2(CO)(OCHO)]" (19) system has a much more favorable value
(AG(solvy= +2.05 kcal/mol). From this step, the complex 18 is protonated to
regenerate the starting complex (1), while producing water. On the other hand,
the complex 19 is likely to generate a weakly bound formic acid upon proto-
nation at an energy cost +0.98 kcal/mol in relation to the hydride complex (7),
with a regeneration of the starting complex that is highly favorable (-20.52
kcal/mol). At this point, one should notice that the CO is a natural product
resulting from the ligand loss after the first reduction process.
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7. Solid-State Modelling of Metal-Organic
Frameworks for Carbon Dioxide Capture

Metal-organic frameworks have received a great deal of attention in the last
decade for gas capture and storage applications due to their attractive struc-
tural properties, including a high surface area and pore size as well as the pres-
ence of open metal sites for several systems with high adsorption capac-
ity."*¢!47 Here, I summarize the outcomes from Paper VIII, where it has been
investigated the effects of substituting the metallic center in the electronic
structure and applicability in carbon dioxide capture of a MIL-53 (X) series,
where X= Fe*", A", Cu®". This project has a theoretical viewpoint with em-
ployment of solid-state modelling approach based on plane-wave expansion
of atomic basis functions.

7.1. Bulk Structures

Modelling the metal-organic frameworks here under consideration has re-
quired the use of reported crystallographic data from MIL-53 (Fe’") as the
primary step.'*® The original structure has been altered since hidden hydrogen
atoms in the hydroxyl groups are found necessary to provide a better descrip-
tion of the real system. Additional water molecules have been removed to at-
tend the requirement for structure activation in these systems.'*

Figure 7.1 illustrates the pore structure for MIL-53 (Fe*") after ionic posi-
tion relaxation within the PBE'*%/800 eV level of theory. MIL-53 (AI’*, Cu®")
exhibit a similar configuration since their initial crystalline structures have
been built upon replacement of the iron ions by aluminum or copper ions.
These materials have unit cell defined by the lattice parameters a= 19.32 A,
b=15.04 A, c=6.84 A and B=96.3° with crystallization in the P 2i/c space

group.
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Figure 7.1- Pore detail in MIL-53 (Fe*") after optimization at the PBE/800 eV level
of theory with inclusion of spin-polarized effects. Code: VASP.®

7.2. Electronic Structure

This analysis has been initially performed to provide a quantitative description
of the intrinsic band gaps that are necessary to validate the theoretical meth-
odology. In this sense, Figure 7.2 displays the density of states distribution for
all metal-organic frameworks under investigation within the PBE level with
Hubbard corrections in (a) and (c¢), whereas such corrections have not been
applied in (b). In Figure 7.2 (a), MIL-53 (Fe’") displays theoretical band gap
(Eg=2.20 eV) that is in fair agreement with the report by Zhang et al.'*' In this
system, Fe’* ions have atomic magnetic moment estimated as 4.5 py/atom,
suggesting a high-spin electronic configuration with 5 unpaired d electrons in
the outermost shell of each ion. Furthermore, MIL-53 (Fe®") has valence band
maximum composed by O 2p and Fe 3d states whereas the spin-down contri-
butions from Fe 3d states play a major role on the conduction band minimum.
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Figure 7.2- Density of states obtained for a series of metal-organic frameworks. Level
of theory: PBE/ 800 eV for MIL-53 (AI’*)/ GGA+U/ 800 eV, with U=7 eV on Fe 3d
states for MIL-53 (Fe**) and 7 eV on Cu 3d states for MIL-53 (Cu*").

In Figure 7.2 (b), the large band gap of MIL-53 (AI*") arises from the high-
lying C 2p and O 2p antibonding orbitals in the conduction band minimum,
whereas Al 3p states do not exert any contribution in this region. In this study,
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MIL-53 (AI*") has theoretical gap (E; = 3.23 eV) that also exhibits good agree-
ment with the experimental report.'>* In Figure 7.2 (c), MIL-53 (Cu**) has a
similar density of states distribution to the iron- based MOF, but the band gap
is significantly reduced to 0.83 eV, whereas the copper atoms display a much
lower atomic magnet moment (0.91 ) resulting from the unique unpaired
valence electron.

7.3. Gas Capture

To evaluate the effects of replacing the metallic center on the gas capture re-
lated properties in the MIL-53 series, the initial bulk structure has been ex-
panded into a 2x2 supercell for placement of carbon dioxide molecules inside
the pore structure. In this sense, the interaction strength between the guest
molecule and the framework has been estimated by using the relation

AE= EMOF—gas — Emor — Egas, (7 1)

which is basically the difference in electronic energy of the final system after
gas adsorption (Euor-g.s) and the isolated species (Egus and Enor). In Paper
VIII, Ewvor-gqs has been computed by placing the guest molecules in different
positions inside the pore structure (see Figure 7.3).

Figure 7.3- Initial configurations for carbon dioxide adsorption inside the pore struc-
ture in MIL-53 (Fe*).

In this MIL-53 series, the most favorable configuration for the guest molecule
is in the middle of the pore, where long-range interactions take place with
hydrogen atoms from -OH groups, as shown in Figure 7.4. Thus, such inter-
action is not sufficient to change any involved bond length in a significant
way. In general, it has been found that spin-polarization effects exert an influ-
ence on the binding energies and chemical trends that cannot be neglected.
For instance, MIL-53 (Fe**) has binding energies lying in the range -28.80 to
-146.88 kJ/mol including spin-polarization effects within the PBE level,
whereas an interval of about 31.68 to -73.92 kJ/mol was found for non-polar-
ized case. Additionally, the intrinsic atomic magnetic moment for Fe and Cu

67



atoms was solely described in a proper way by using Hubbard corrections be-
fore and after gas adsorption, which suggests that the electronic energies are
affected in a different way throughout this process, which might be the reason
for the overestimated values for binding energies found for the iron-based
MOF. MIL-53 (AI**) has the most favorable binding energy estimated as -
33.60, which is in better agreement with the experimental reported absorption
enthalpy than previous works. Furthermore, MIL-53 (Cu*") has binding en-
ergy of -33.60 kJ/mol at the most favorable configuration without spin-polar-
ization effects and using PBE functional. This is actually comparable to MIL-
53 (AI’") within the same level of theory, which suggests that this material can
be interesting for gas capture purposes. At GGA+U level, this quantity has a
decreased value to -20.37 kJ/mol.

Figure 7.4- Final configuration (1) after the relaxation process carried out with spin-
polarization for MIL-53 (Fe*"). Level of theory: PBE/ 550 eV.
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Sammanfattning pd svenska

Solenergi dr en naturlig kandidat for att tillfredsstélla den globala efterfragan
pa energi som for ndrvarande &r satt till 14 TWh/ar, eftersom dess forekomst
nar 100 000 TWh pa arsbasis med ett belopp per dag (274 TWh) som ér till-
rackligt for att uppfylla de ménskliga behoven. Faktum é&r att den huvudsak-
liga anviandningen av fossila brénslen for att uppna ett sidant energibehov har
intensifierat den globala uppvarmningen alltigenom é&ren, ett vilkdnt miljo-
problem som vart samhélle star infér sedan den industriella revolutionen. 1
detta ssmmanhang Gppnar solenerginiringen genom att anvénda en fotokata-
lysator for att producera el, vattenvirme eller solbrénslen inklusive viéte, al-
koholer och dven kortkedjiga kolviten ett nytt omrdde for utveckling av ren
energi som forvéntas leda marknaden pé energi produktion inom en néra fram-
tid.

Tekniker som involverar elektrokemiska anordningar som anvénder sollju-
senergi dr mycket battre utvecklade for véteproduktion dn for koldioxidom-
vandling till organiska brénslen for nérvarande. Just nu bor det betonas att
denna viktiga gas inte kan utvinnas fran en naturlig kélla trots dess 6verflod
pa jordskorpan, men den erhélls genom reformering av naturgas eller fornybar
biomassa och vattenelektrolys, som &dr dyra och miljomaissigt kostsamma. 1
denna mening &r intresset som ligger pa detta brénsle relaterat till dess hoga
duglighet som energibédrare, eftersom det uppvisar hogre gravimetrisk ener-
gitithet dn bensin for brénslerelaterade tillimpningar vid omgivningsforhal-
landen, forutom den kolfria aterstoden som genereras efter forbranningspro-
cessen. Ddremot anvinds molekylirt vite mycket inom andra omraden, varav
61% av den totala produktionen under det senaste decenniet avsett for ammo-
niak-hérledda godselmedel, 23% till petroleum-raffinering och 9% till meta-
nolproduktion. Tillimpningar i bransleceller, kraftproduktion i turbiner och
rymdrelaterad teknik beaktas ocksa.

For att vara en potentiell kandidat i solstyrd vitegenerering ar det ett grund-
laggande krav att fotokatalysatorn har ett inre energigap, som definieras som
energiforskjutningen mellan det sista besatta tillstdndet av en elektron och det
forsta tillstdndet som ér tillgéinglig att beséttas, det ska vara mindre eller jim-
forbart med den infallande fotonenergin. Med andra ord bor solljusenergin
vara tillrdcklig for att ta bort elektroner fran materialet som vidare 6verfors till
protonen for att bilda en vétefotokatalysatorbindning. Detta dr faktiskt den
grundliggande mekanismen fran solceller, men de fotoexciterade elektro-
nerna anvands for att producera elektricitet i detta fall. Som ett ytterligare steg

69



bor de bundna viteatomerna kombineras ihop for att frigéra det molekyléra
bréanslet. Tidigare studier vid universitetet i Tokyo har visat titandioxid(TiO,)
som ett pionjdrmaterial for att fotokatalysera den sa kallade vattendelningen
utan att tillimpa en extern potential, men kolbaserade material har represen-
terat ett ytterligare framsteg pa omradet for att kombinera lagt pris med jor-
dens overflod av dess utgorande element. Som ett viktigt exempel har poly-
mert kolnitrid (g-CsNy) intensivt undersokts for véiteproduktion och koldioxid-
omvandling. Dessutom har en &verldgsen prestanda funnits for benso-
tiadiazolbaserade polymerer med en givar-acceptorarkitektur som har en
nyckelroll for forbattring av laddningsoverforing och separationsprocesser i
dessa material. I allménhet kdnnetecknas dessa material av ordning pa nano-
niva dven om sjdlva materialet &r amortft.

I denna avhandling har en serie fluoren- och bensotiadiazolbaserade poly-
merer med givar-acceptorarkitektur utvirderats med hjélp av tathetsfunktion-
alteori-(DFT) och tidsberoende tithetsfunktionalteori-(TD-DFT) metoder
som potentiella kandidater for fotokatalytisk viteproduktion. En uppséttning
smé molekyler med vil definierad molekylvikt har ocksa beaktats for denna
tillimpning. DFT/TD-DFT ér ett berdkningsverktyg som har anvénts allmént
av forskare for att reproducera/forutsiga experimentella resultat for optiska
och termodynamiska egenskaper, men ocksa den fotokatalytiska effektiviteten
i fast tillstand eller molekyldra material genom att anvénda de sé kallade de-
skriptorerna. Hér har intensiteten av den kemiska bindningen mellan véteato-
men och fotokatalysatorn, sdvdl som excitonbindande energier, som bestim-
mer om den fotoexciterade elektronen kommer att utfora den kemiska reakt-
ionen eller helt enkelt atergé till det ursprungliga tillstandet, anvénts som de-
skriptor for att bestimma tillimpningen av de nidmnda materialen i
fotokatalytisk viteproduktion. I allménhet har kemiska modifieringar av dessa
material mojliggjort en forbattring av absorptionsomréadet i benso(triazol-tia-
diazol)baserade polymerer och cyklopentaditio-fenbaserade polymerer, med
en hogre paverkan uppvisad genom modifiering av acceptorenheten. Daremot
presenterar alla undersokta system katalytisk effekt for protonreduktion eller
borttagning av ett ldmpligt kandidat. I synnerhet visades den aktiva roll som
kvéveatomer spelade fran acceptorenheterna i hydreringsprocessen, som fun-
gerar som de katalytiska platser for véitebindning. Dessutom ses en béttre ladd-
ningsseparation for cyklopentaditiofenbaserade polymerer en innehéllande
bensotiadiazolenhet som forvintas leda till en hogre fotokatalytisk effektivitet
for dessa material.

I ett annat tillvigagangssétt for att hantera det ovanndmnda miljoproblemet
har det betraktats som direkt omvandling av koldioxid till myrsyra, en viktig
kemikalie som hittar tillimpningar i brénsleceller, medicin och matindustrier.
Detta dr en process med flera steg som ocksé kréver anviandning av en lamplig
foto- eller elektrokatalysator for att minska de kinetiska barridrerna for reakt-
ion. I denna avhandling har Sn-baserade material och Ru-komplex anvénts
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som elektrokatalysatorer for att genomfora koldioxid-omvandlingen till myr-
syra genom att ldgga pa en extern potential. I det tidigare fallet stoder resulta-
ten reaktionsmekanismen dir koldioxid infors i Sn-OH-bindningen innan re-
duktionsprocessen som leder till myrsyraproduktion. I detta steg uppvisar den
berdknade reduktions- potentialen ett gott 6verensstimmande med de mit-
ningar som utfors av vara medarbetare, vilket bekréftar giltigheten for de teo-
retiska metoder som vi har anvént. I ett Ru-komplex kommer reaktionsmek-
anismen sannolikt att folja vigen med naturlig produktion av kolmonoxid pa
grund av ligandfrisdttning efter den forsta reduktionsprocessen, som ytterli-
gare protoneras for att originera den aktiva arten. I detta fall kommer koldiox-
idinséttningen att ske vid Ru-H-bindningen for att generera en kolbunden mel-
lanprodukt som é&r ytterligare protonerad for att frisdtta myrsyra. Slutligen har
det studerats den fysiska adsorptionen av koldioxid i metallorganiska ramverk
med ett varierande metalliskt centrum i en teoretisk synvinkel.
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