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“Education is the key to unlock

the golden door of freedom.”

George Washington Carver






Introduction

Chapter 1. Introduction

An electroactive compound is, by definition, any chemical entity that
undergoes a change of oxidation state, or the breaking/formation of
chemical bonds, in a charge-transfer step.lll In the context of organic
electronics, electroactive compounds can be classified attending to their
electronic nature into electron-rich (donor) systems and electron-
deficient (acceptor) compounds.l2l Whereas electron-donor systems are
easily oxidized showing a low ionization potential, electron-acceptor
compounds readily accept electron density providing highly favourable
electron affinities. Due to the enormous possibilities that brings synthetic
chemistry, electroactive carbon-based compounds have been subjected
to uncountable modifications, and their bulk properties have been widely
tuned by small variations in the molecular, usually m-conjugated,
structure.l31 This has led to interesting systems with semiconducting and
optical characteristics that can be applied in commercial products. For
example, electroactive m-conjugated organic systems have burgeoned
applications across various branches of modern research such as organic
electronics and optoelectronics, electronic conductors,![3]

photovoltaicsl®l and solar photon conversion.!”]

The junction of an electron-donor and an electron-acceptor entity leads
to one of the most important processes studied in nature: the electron
transfer.l8] When these two entities are placed in the same molecular
system, the electron transfer can occur intramolecularly upon external
stimuli, either through light, electrical or thermal activation. These

composite entities are named as push-pull systems, in which the donor
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and acceptor moieties are usually separated by means of a t-conjugated

bridging structure (see Figure 1 for the scheme of a push-pull system).

H2NQN02

Figure 1. Prototypical donor-m-acceptor (push-pull) organic molecule: the so-

called p-nitroaniline.[®]

Push-pull molecules have found predominant applications as
chromophores with appealing nonlinear optical (NLO) properties,[10] as
electro-opticlll and piezochromicl'2l materials, NLO switches,[!3]
photochromicl’4l and solvochromicl®s] probes, as well as in
photovoltaics.[16] Although vastly utilized in the fabrication of small-
molecule bulk heterojunction solar cells, 17l the most prominent
photovoltaic application of push-pull chromophores has focused on the
so-called Gratzel's dye-sensitized solar cells.[18] A dye-sensitized solar cell
(DSC) is a low-cost photovoltaic cell that belongs to the group of thin film
devices, and is based on a semiconductor between a photosensitized
anode and an electrolyte.l'91 The modern version of a DSC was originally
co-invented in 1988 by Brian O’Regan and Michael Gratzel at UC
Berkeley,[20] and thenceforth a maddening race for achieving conversion
efficiencies near conventional silicon-based technologies has taken
place.[19.21] [n these devices, a dye-sensitizer absorbs the solar radiation
and the photoexcited electron is transferred to the conduction band of

the semiconductor, typically constituted by nanoparticles of TiO». Then, a
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redox mediator, commonly based on the iodide/triiodide couple,

regenerates the oxidized dye, thus completing the circuit (Figure 2).

a) hv e e” Semiconductor
Y )\
v
Y A
Dye-sensitizer e
b)
I3~
Sun D
I_

b Redox Pt
ve shuttle

FTO

TiO,
glass glass

Figure 2. Schematic representation of the different parts of a DSC. a) Components
of a donor-acceptor chromophore linked to the TiOz semiconductor showing the
electron-transfer process from the dye to the semiconductor. b) Scheme of a dye-

sensitized solar cell device.

Since the discovery of the efficient ruthenium(Il)-based complexes, such
as N3 and N719,[221 much effort has been done to synthesize high
performing push-pull organic dyes as sensitizers for DSCs, especially

metal-free derivatives. The low-cost, tuneability and environmental
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friendliness constitute the main advantages of purely organic dyes in
contrast to metal-based analogues. However, only very few organic dyes
have recorded efficiencies that can compete directly with the most
prominent Ru-based complexes.[23] Not only the nature of the
chromophore but also the characteristics of the electrolyte couple, the
solvent environment and the topology of the semiconducting material
have demonstrated to play an important role for achieving high
efficiencies.['%] Understanding each of the components of a DSC that
directly impact on the final photoconversion performance has therefore

attracted much attention of the scientific community.

Whereas electron transfer can occur intramolecularly upon
photoexcitation in a donor-acceptor compound, the analogous
intermolecular process is present in the context of supramolecular
chemistry.[241 Supramolecular chemistry bears any kind of chemical
system constituted by two or more entities linked by means of
noncovalent forces, i.e., through electrostatic or dispersion forces, H-

bonding, etc.

From the second half of the past century, the outbreak of donor-acceptor
complexes was originated owing to the discovery of two of the most-ever-
studied electroactive organic molecules: the electron-acceptor
tetracyanoquinodimethane (TCNQ)[?’] and the electron-donor
tetrathiafulvalene (TTF)[26] compounds. The combination of both led in
1973 to the formation of a strong charge-transfer complex, referred to as
TTF-TCNQ (Figure 3).[271 This molecular material showed metal
electrical conductance and constitutes the first purely donor-acceptor
organic conductor. In a TTF-TCNQ crystal, TTF and TCNQ molecules are

arranged in separate parallel-aligned stacks; however, the charge-
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transfer phenomena are usually analysed in terms of a supramolecular

donor-acceptor TTFeTCNQ dimer model as shown in Figure 3b.[28]

a) s s b) Donor
S S W
TTF y 9 teraction
rar\no\ew"ar "
NC CN sup ! _4
NG C CN %’\,
TCNQ Acceptor

Figure 3. a) Chemical structure of the prototypical electron-donor TTF
and electron-acceptor TCNQ molecules. b) Schematic representation of
the supramolecular association of TTF and TCNQ in the TTFe¢TCNQ

complex model.

Ever since the discovery of the TTF-TCNQ complex, the supramolecular
chemistry of donor-acceptor complexes has been exploited in a fruitful
new interdisciplinary avenue of research.[?] Original and creative host-
guest complexes have risen by combining the understanding of individual
electron-donor and electron-acceptor chemical entities with the many
opportunities brought by the supramolecular chemistry. Host-guest
complexes have received special attention for the supramolecular
recognition of carbon-based nanoforms (such as fullerenes, nanotubes
and fullerene fragments) and other target chemical entities of interest.[30]
In such self-assembled complexes, the donor and acceptor moieties
remain close to each other through different noncovalent interactions,
and may undergo energy-transfer and electron-transfer processes upon
light induction.311 Artificial small-scale supramolecular complexes

designed /n situ have already helped to better understand the physical
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origin of the forces involved in the self-assembly process, and to shed
light on the complex electron-transfer phenomena.32 However, scientific
community is still far away from fully comprehending the entrails of the
self-assembling operation, which has recently demonstrated to go
beyond the traditional thermodynamic regime.[33] As long as the
supramolecular chemistry of donor-acceptor assemblies progresses,
society will gain insight into the fundaments of electron transfer while
building up novel host-guest chemical constructs with potential

applications in materials science.

Self-assembly has become a widely applied approach in chemistry and
material science to direct individual electroactive molecules into larger
functional structures.34 In contrast to the conventional covalent
polymerization, in which chemical units are covalently linked to their
neighbours, supramolecular polymerization is based on the directional
growth of self-assembled discrete molecular entities by means of
noncovalent interactions (Figure 4). With the introduction of
supramolecular polymers, the playground for polymer scientists
broadened and is no longer limited to macromolecular species only.
Although the area of self-assembly of molecules into one-dimensional
multicomponent structures has been known for decades, it is only of
recent date that these supramolecular polymers deserve a steadily
increasing interest due to their unprecedented and highly useful
functional opportunities.[35] The high expectations for self-assembled
supramolecular polymers have mainly focused on their appealing
electronic properties, such as tuneable emission, energy transfer, charge
transport, and electrical conductivity.[36 Such properties are amenable to
modulation through size and shape control of the molecular

assemblies.l37]  Supramolecular polymers have therefore found
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applications in recyclable, degradable, stimulus-responsive, and self-

healing materials.[37b. 38]

a) TR

Figure 4. Supramolecular polymerization of a discotic benzene trisamide

derivative (a) featuring chirality upon self-assembly (b).[38¢]

Supramolecular assemblies are commonly found to exhibit a basic
characteristic of living matter and nature: chirality.[382 391 There are many
biological macromolecules or supramolecular systems with chirality,
from microorganisms with helix-shaped viruses to macroscopic living
systems such as snails. On a larger scale, one finds that many plants

express chiral sense, such as mountain climbing vines. Even on a light-
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year scale, our galaxy system is also chiral. Among these various levels
(Figure 5), chirality at a molecular and supramolecular level is of vital
importance since it is strongly related to chemistry, physics, biology,
materials, and nanoscience, which treat the matter in scales from atomic
to molecular and supramolecular. In the specific field of supramolecular
chemistry, self-assembly occurs upon autonomous organization of
individual molecular components into patterns or superstructures
without human intervention.[*?] For instance, molecular self-assembly
plays an important role in biological systems, the transfer and storage of
genetic information in nucleic acids, and the folding of proteins into
efficient molecular machines.[*1l Although supramolecular chirality is
strongly related to the chirality of the molecular components, it is not
necessary that all components be chiral. To this end, achiral molecules
can also produce supramolecular chirality in a self-assembled system.[38al
A deep exploration of stereogenic supramolecular aggregates will
provide a more complete understanding of the origin of chirality in
biological systems and self-assembling processes, as well as assistance in
developing drugs and materials with new functional opportunities.

neutrino biomacromolecules living systems
:
o

Figure 5. Chiral architectures at different scales, from neutrinos to enantiomeric
molecules, nanosized biomacromolecules with chiral structures (DNA),
microorganisms (helix-shaped bacteria), macroscopic living systems (seashells

and plants), and galaxies.



Objectives

Chapter 2. Objectives

The aim of the present Thesis is to unravel and disentangle the chemical
origins of the appealing optical, electronic and self-assembling properties
exhibited by novel electroactive molecular systems of interest in organic

electronics and materials science.

1. Theoretical calculations will be performed on novel donor-acceptor
chromophores absorbing in the whole visible spectrum to provide
important structure-property relationships towards the discovery of
efficient light-harvesters for dye-sensitized solar cells. The linkage of
the chromophores to the semiconductor surface will be studied in
depth by means of first-principles calculations to better understand
the implications of a multi-anchoring adsorption mode in the solar cell

performance.

2. In the search of model candidates for deepening in the comprehension
of the ubiquitous photoinduced charge-transfer phenomena, donor-
acceptor supramolecular complexes based on carbon nanoforms were
theoretically characterised. The nature and strength of the
supramolecular interactions that govern the self-assembly of
porphyrin-based hosts with a fullerene guest will be analysed by
means of quantum chemistry calculations. The theoretical inspection
of supramolecular donor-acceptor assemblies of carbon-based
buckybowls will provide insight into the forces governing the self-
assembly of these novel donor-acceptor complexes that undergo

charge-transfer processes upon photoexcitation.
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3. The cooperative supramolecular polymerization of discotic-like
benzene-trisamide derivatives will be theoretically investigated to
understand the role of H-bond interactions in the generation of helical
superstructures. Molecular dynamics simulations will be carried out
to help rationalize the effect on the preferred helical orientation by
(i) the connectivity of the amide groups, and (ii) the presence of
stereogenic peripheral alkyl chains. Finally, a thorough theoretical
characterization of the supramolecular assembly of pyreneimidazole
derivatives will be performed to explain the unexpected blue-
emission properties of the gels formed upon aggregation. The
rationalization of the noncovalent forces guiding the supramolecular
organization will ultimately aim the design of self-assembled

materials a /a carte.

10
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Chapter 3. Methodology: computational

chemistry

During the last decades, the discovery of theoretical and computational

principles and algorithms, together with the development of increasingly

faster computers, has resulted in an enormous leap on the accuracy and

speed of computational methods.[*2] The predictive power of the current

numerical simulation approaches, based on both quantum mechanics and

molecular mechanics descriptions, underpins the emerging field of

computational materials design.[*3] The scientific community has now

access to theoretically characterise systems inconceivable to compute

several years ago (Figure 6).

Time scale

Continuum
Mechanics

Molecular
Mechanics

Semi-empirical
DFTB, PM7, ...

~ Density functional theory

Hartree-Fock

Correlated methods
(MP2, €CSD, Cl)

v

System size

Figure 6. Schematic representation of the available computational approaches

most used in the calculation of chemical systems of increasing size.
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The development of quantum mechanical techniques, and density
functional theory (DFT) in particular, have proceeded an ever
accelerating pace.[*4l Whilst first-principles methodologies were once
limited to simple structures and compositions with tenths of atoms,
modern computer architectures enable the direct simulation of hundreds
of atoms. By making a judicious choice of the methodology to be used,
from small covalent structures to large supramolecular complexes can be
computed at almost any desired accuracy, as long as sufficient computer

resources are available.

In this chapter, the different methodologies and computational tools used
to carry out the studies included in this Thesis are presented and briefly
summarised. Most calculations included in this work have been done
under the density functional theory framework. Otherwise, in order to
reduce the computational cost required to explore molecular systems of
increasing size, semiempirical as well as molecular mechanics
methodologies have also been employed. All the computational
techniques together with the theoretical specifications are fully detailed

in the corresponding publications.

The following program packages have been used to perform the different
calculations presented in this Thesis: Gaussian 09,[45] ORCA,[46] Quantum

Espresso, 47l MOPAC,[#8] Tinker,[*9] Psi4,[501 and NCIPLOT.[51]

3.1. Density functional theory

Density functional theory (DFT) is arguably the computational quantum

mechanical method most used in physics, chemistry and materials

12
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science to investigate the electronic structure of many-body systems, in

particular atoms, molecules, and condensed matter.

The density functional theory is based on the Hohenberg and Kohn
theorem, which states that the ground-state electronic energy of a system
is determined by its electron density p.521 The complicated and hard-to-
compute many-electron wavefunction, which contains 3/ variables for
an MN-electron system, is therefore substituted by a functional of the one-
electron density, which contains only 3 coordinates independently of the
number of electrons. Henceforth, whereas the complexity of a
wavefunction increases with the number of electrons, the electron
density has always the same number of variables and, in principle, does
not depend on the system size. Unfortunately, the exact mathematical
expression for the functional that connects the electron density of a
system and its energy is unknown. Thereby, the main developments in
the DFT field have been focused on the design of density functionals that

properly connect these two terms.[53]

A functional is a mathematical recipe for producing a number from a
function, which in turn is a recipe for producing a number from a set of
variables, in this case coordinates. In DFT, the energy depends on the
electron density and is, therefore, a functional of it. The energy functional
may be divided into three components: kinetic energy T[p], attraction
between the electrons and nuclei E,,.[p], and electron-electron repulsion
E..[p]. The nuclear-nuclear repulsion is considered constant since the
most common DFT implementations are based on the Born-
Oppenheimer approximation.[54l Moreover, the E,, term may be divided
into the Coulomb and exchange parts, /[p] and K|[p], respectively. The

E,.[p] and J[p] functionals are given by their classical expression, 42l

13



Methodology: computational chemistry

Z f |Rap_(r3| (1)

] [

where Z, and R, are the atomic number and the position of atom a,
respectively, and the factor of % in J[p] is needed to avoid double-
counting in integrating over all space for both electronic coordinates r
and r'. The application of DFT methods in computational chemistry was
possible due to the introduction of the Kohn and Sham equations.[551 Since
the exact density matrix is not known, the approximate density p(r) is
written in terms of a set of auxiliary one-electron functions, the Kohn-

Sham (KS) orbitals ¢;(r), by means of the following expression:

N
p(r) = Y 19:(r)I? ®)
i=1

The basic idea in the KS formalism is splitting the kinetic energy
functional into two parts, one of which can be calculated exactly by
applying the classical kinetic operator on the KS molecular orbitals, and
the other corresponding to the kinetic correlation energy part, which is
always a positive energy. Thus, the exact part of the kinetic energy

functional is given by
N
1.,
Ts = ) (61l =5 710 Q)
i=1

14
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where the subscript Sdenotes that the kinetic energy is calculated from a
Slater determinant. The remaining kinetic energy is absorbed into the
exchange-correlation term (E,.[p]), and a general DFT energy

expression can be written as

Eprrlp] = Tslp]l + Enelp] + Jlpl + Exclp] %)

Additionally, it is customary to separate E,.[p] into two parts, a pure

exchange E, and a correlation E, term, according to

Exclp] = Exlp] + E.[p] (6)

The major problem in DFT is to derive accurate formulas to describe the
exchange-correlation term. Assuming that such a functional is available,
the problem is then similar to that found in wavefunction-based Hartree-
Fock (HF) theory: determine a set of orthogonal orbitals which minimize
the energy. Since J[p] and E,.[p] functionals depend on the total density,
the determination of the orbitals involves an iterative process (Figure 7).
The first step is to give a trial electron density usually computed as a
superposition of atomic densities. Then, the exchange-correlation
potential (V) is calculated on the basis of an appropriate expression for
E,. and the initial density. With this information, the Kohn-Sham
equations are solved in order to obtain an initial set of orbitals, which is
used to compute the density. The process is repeated until the electron

density and the ground state energy converge.

15
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Pinitiat :> ch(r) I:> (pi(r) I::> ,O(T)
) |

Figure 7. Scheme of the iterative procedure used to solve the Kohn-Sham

equations.

It is possible to prove that the exchange-correlation potential is unique
and valid for all systems; however, an explicit functional form of this
potential has been elusive to date. The difference between the plethora of
DFT methods available is therefore the form of the exchange-correlation

energy functional.

3.2. Hierarchy rungs of functionals

The local density approximation (LDA) was first introduced by P. Dirac
within the Thomas-Fermi model, and it is based on the homogeneous

electron gas density.[561 LDA functionals depend locally on the density:

Ea%m [p] = ngDA(p) dr @)

The LDA approximation can be improved by considering a« and £
densities separately, leading to the local spin density approximation

(LSDA).

In the generalized gradient approximation (GGA), the exchange-
correlation energy not only depends on the density but also on its

gradients:

16
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EchA[P] = jEGGA(p' Vp) dr 3

Using the GGA approximation, very good results for molecular geometries
and ground-state energies have been achieved, e.g. with the popular

Perdew-Burke-Ernzerhof PBE functional.[57]

Another level of improvement was achieved by adding to the GGA
formalism a dependence on the noninteracting kinetic energy density ()

in the meta-GGA functionals:[58]

E)rgzeta—GGA [p] = jgmeta—GGA(p: Vp, 1) dr €©))

A representative example of this type of functional is the TPSS.[58]

Considering the exact wavefunction as a single Slater determinant
composed of KS orbitals, the exchange energy is in this case exactly that
given by the Hartree-Fock theory. If the KS orbitals are identical to the
HF orbitals, then the “exact” exchange is precisely the exchange energy
calculated by the HF wavefunction method. Models that include a portion
of exact exchange are called hybrid methods, and the B3LYP functional is
probably the most popular functional of this type,[59 whose exchange-

correlation energy is given by

EBYP = (1 — )EYWN + aEHF + bAEB®® + (1 — c)EY™V

(10)
+ cAELYP
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where the a, b and cvalues are determined by fitting the experimental
data to be 0.20, 0.72 and 0.81, respectively, B88, LYP and VWN refer to
the Becke 88,601 Lee-Yang-Parrl¢tl and Vosko-Wilk-Nusairl62l

functionals, respectively, AEE8® = B8 _ pYWN and AELYP = ELYP —

VWN
EVWN.

Another popular hybrid functional is that designed by Perdew-Burke-
Ernzerhof, so-called PBEO,[63] which mixes the PBE exchange energy and
Hartree-Fock exchange energy in a set 3-to-1 ratio, along with the full

PBE correlation energy:
PBEO _ L pHF | 3 1PBE PBE 11
Exc™ = g Ex" + JEZPF + ¢ (11)

Meta-GGA functionals can be modified to account for a certain amount of
exact HF exchange, leading to the family of hybrid-meta-GGA functionals.
Functionals of this type are the Minnesota M06,[641 M06-2XI[65] and M06-
HFI¢¢] with 27, 54 and 100 % of HF exchange, respectively, and the
MPWB1K with 44 %.[67]

An alternative and perhaps more sophisticated approach to the exact
functional are the range-separated hybrid (RSH) functionals, where the
exchange part is separated into a short-range and long-range regime by

means of the standard error function erf(x) such that:

1 1-—erf(wrs,) 4 erf(wry,)

(12)

T12 T12 T12

where w is a parameter that determines the ratio of both parts. The short-

range is treated as any of the exchange schemes shown before, while the
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long-range part is computed by the HF exchange functional. CAM-

B3LYPI¢8l and wB97XI%% are representative functionals of this family.

Finally, double-hybrid (DH) functionals have also been developed,[70]
which include a certain amount of HF exchange and second-order

perturbation PT2 correlation energy according to

EPH = (1 — a )EPFT + a EFF + (1 — a )EPFT + a EFT? (13)

The amount of exact exchange is usually much bigger in these methods
compared to the simple hybrids, since the perturbational correlation can
correct for HF deficiencies while improving the self-interaction error.[70l
One of the most popular double-hybrid functionals is the Grimme’s B2-
PLYP,[71] relative of the hybrid B3LYP functional, with parameters a, =
0.31and a, = 0.27.

A schematic representation of the different rungs of functionals available
to date sorted by increasing sophistication and accuracy is shown in

Figure 8.
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Heaven

R 5 +dependence on virtual orbitals
ung double hybrids: wB97X-2,B2-PLYP, PBEO-DH

+dependence on occupied orbitals

Rung 4 hybrid GGA: hybrid meta-GGA:

+dependence on the kinetic energy density

Rung 3 meta-GGA: TPSS, M06-L
Rung 2 +dependence on the gradient of the density
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W
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Figure 8. Perdew Jacob’s ladder of density functional approximations.[72]

3.3. Dispersion-corrected DFT

Dispersion forces arise from long-range instantaneous and correlated
fluctuations of the electron density and, thus, nonlocal electron
correlation terms are required for an appropriate description of these
interactions. Dispersion forces are not exclusively intermolecular but

take place also between large-separated regions of the same molecule.

The most common density functionals available in the literature are
based on local or semilocal density correlation functionals and, therefore,

the long-range electron correlation phenomenon responsible for these
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elusive dispersion interactions is not fully captured. Only some highly-
parameterised meta-GGA functionals can properly describe dispersion
forces at the short range, such as the M06 and later Minnesota

functionals.[64-65]

The most popular low-cost approach to deal with dispersion interactions
within the DFT framework is the Grimme’s correction.[”3] This protocol
consists in an atom-pairwise correction to the standard Kohn-Sham

density functional to describe the total energy as:

Eppr—p = Egs—prr + Edisp (14)

where Egs_ppr is the self-consistent Kohn-Sham energy as obtained from

the chosen density functional, and E s, is the dispersion correction term.

There are several ways to define the dispersion correction term, but the
one proposed by Grimme and coworkers is based on the classical
definition of long distance forces.[”3] The Grimme’s dispersion correction
term is directly proportional to the C, 45/(r45)™ relationship, where
Cn.ap is a parameterised nth-order dispersion coefficient for atom pair
AB, and (r45)™ is the intermolecular AB distance (2 can take the values 6,

8, 10, etc.)

In the original and latest version of Grimme’s dispersion correction,[73]
known as D3, the dispersion interaction is computed according to the

following pairwise energy expression:
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Ngt—1 Ngt C
AB
Edisp =- z Sn Z Z (rn—)nfdamp(rij) (15)
n=6,8 T j=ir1 - 4B

where s, are customary parameters fitted for individual density
functionals. Unlike the former D2 version of Grimme’s correction, the
dispersion C, 45 coefficients are geometry dependent as they are
adjusted on the basis of local geometry (coordination number) around
atoms A and B. f4mp is a damping function that depends on the distance
145, and may adopt several forms to attenuate the dispersion correction
term in the short range.l’4l The D3 scheme can be further corrected by
accounting for the influence of three-body terms (i.e., the energy
contributions for all triple atom combinations 4, B and () by means of

the following expression:[75]

(3 cosf,cosB,cosf, +1)
2ABC (RapRpcRac)? (16)

X fn(Rap, Rpc) Rac)

EABC —

A<B<C

where 0; are the internal angles of the triangle formed by the interatomic
distances (RapRpcRac), fn is a damping function, and Cy4pc is the

corresponding coefficient approximated by

C9,ABC = Y, Cé,AB C6,BCC6,AC (17)

22



Methodology: computational chemistry

A more general, elegant and seamless approximation introduced by Dion
and coworkers,[76l widely known as the van der Waals density functional
(vdW-DF), has recently received a great deal of attention to treat
dispersion interactions owing to its low degree of empiricism. The vdW-
DF approach accounts for the long-range electron correlation effects by
means of an explicit nonlocal DF correlation kernel @, which depends on

the electron density p at two different sampling points in space r and r':

h
B rp = | j dr dr' p(r)®(r,™p(r) (18)

In its most modern version (VV10),[771 also known as the nonlocal (NL)
approximation in quantum chemistry contexts, Vydrov and Voorhis
employed a particularly simple expression for the nonlocal DF
correlation kernel and introduced a new parameter to avoid the possible
double counting of the dispersion or vdW energy at short-range
distances. The incorporation of an adjustable short-range parameter
allowed one to easily merge the VV10-type nonlocal correlation
functional with a wide variety of standard exchange-correlation DFs
giving impressive results close to the “chemical accuracy” in small- and

medium-size molecular complexes.[77]

Although the VV10 approximation is not used in the work discussed
herein, our research group, and in particular the PhD student, has
extensively worked in testing and validating the accuracy of the nonlocal
approach in dealing with large supramolecular complexes governed by
noncovalent interactions (see article 24 and book chapter in the List of

publications).
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Other approaches worth to mention that account for the weak dispersion
interactions are the symmetry-adapted intermolecular perturbation
theory (SAPT, see below for a brief description),[78 the Tkatchenko-
Scheffler (TS) approximation,[’] the Corminboeuf density dependent
dispersion correction (dDsC),[8% and the Becke-Johnson exchange-hole
dipole model (XDM).[81l The reader is referred to the original literature

for further details.

3.4. Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) is an extension of
DFT to deal with excitations or more general time-dependent
phenomena. The TDDFT approach, in analogy to the ground-state DFT
treatment, replaces the complex many-body time-dependent
Schrodinger equation by a set of time-dependent single-particle
equations. Whenever one wants to move beyond static ground-state
properties (for instance, to evaluate the optical properties) within the
DFT framework, the description of the molecular response to time-
dependent fields has to be somehow introduced. E. Runge and E. K. U.
Gross published a theorem in 1984 that permitted a generalization of the
first HK theorem for a time-dependent density treatment.[82] Very briefly,
the approach of Runge and Gross considers a single-component system
in the presence of a time-dependent scalar field, for which the

Hamiltonian takes the form

Ht) =T+ V() +W (19)
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where T is the kinetic energy operator, W the electron-electron
interaction, and V,,.(t) the time-dependent external potential.[83]
Nominally, the external potential contains the electrons’ interaction with
the nuclei of the system. For non-trivial time-dependence, an additional
explicitly time-dependent potential is present, which can arise, for
example, from a time-dependent electric or magnetic field. The many-
body wavefunction evolves according to the time-dependent Schréodinger

equation under a single initial condition:
~ .0
HOY®) = ih- [P (), [¥(0)) = |¥) (20)

Employing the Schrdédinger equation as its starting point, the Runge-
Gross theorem shows that at any time, the density uniquely determines

the external potential.

As ground-state DFT, TDDFT also requires a suitable approximation for
time-dependent exchange-correlation potential to be applied in practice.
This approach is known as the adiabatic exchange-correlation
approximation (AXCA), and relates the time-dependent exchange-
correlation potential to a ground-state exchange-correlation potential.
Although AXCA is a crude approximation, its great advantage is that
common ground-state DFT functionals (LDA, GGA, hybrids, etc.) can be

easily used for the time-dependent problem.

Within TDDFT, linear-response TDDFT can be used if the external
perturbation is small enough.[84 This is a great advantage as, to first
order, the variation of the system will depend only on the ground-state
density so that all the properties of DFT can be used. In its most general

form, the TDDFT linear response problem can be expressed in terms of a
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Dyson-like equation.[85] This equation allows computing a generalized
susceptibility, whose poles are the excitation energies of the system
under investigation. Casida transformed the Dyson-like equation for
susceptibility into an eigenvalue problem, whose eigenvalues and
eigenvectors are used to build up the optical absorption spectra.l8el
Nowadays, Casida’s approach is the implementation set up in the

majority of quantum chemistry codes.

3.5. Basis sets

The computed KS orbitals are usually expanded in a set of known basis

functions. The one-electron atomic orbital ¢; can be linearly expanded

by:
b = z Cijo; (21)
=

where @; correspond to the atomic basis functions. The expansion of the

atomic basis functions can be done in terms of Slater-type orbitals (STOs)

or in Gaussian-type orbitals (GTOs):
Py = NET" e~ Yy, (22)

_ _ 2
P = Nérm=te 4y, (23)
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where N is the normalization constant, Yim, is the spherical harmonics,

and ¢ is a variational parameter related to the radial function that

indicates the orbital compression.

STOs reproduce accurately the electronic behaviour round the nuclei.
However, the two-electron integrals cannot be solved analytically using
Slater functions, so a numerical procedure is required. The only
difference of the GTOs with respect to STOs is a quadratic dependence on
rin the exponential part. However, this difference is crucial since the form
of the two-electron integrals written in terms of GTOs can be analytically
solved saving a huge amount of computational time. GTOs do not have a
cusp at the nucleus and decay to zero too rapidly; thus, a linear
combination of several GTO functions are needed to represent accurately

the electronic behaviour close to the nucleus and in the tail.

Valence electrons are usually described with several GTO combinations.
Further improvement of basis sets can be achieved by the addition of
extra functions (polarization and/or diffuse functions). It is common to
represent valence orbitals by more than one basis function (each of which
can in turn be composed of a fixed linear combination of primitive
Gaussian functions). Additionally, basis sets can be designed with
multiple basis functions corresponding to each valence atomic orbital
(e.g., the so-called split-valence basis sets). Some of the most widely used
basis sets are the Pople’s split-valence basis sets,[87] the correlation-
consistent basis sets developed by Dunning and coworkers,88! and the

basis sets of Ahlrichs and coworkers.[89]

In addition to localized basis sets, plane-wave basis sets can also be used
in quantum-chemical simulations. Typically, a finite number of plane-

wave functions are used, below a specific energy cutoff which is chosen
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for a certain calculation. Several integrals and operations are much easier
to code and carry out with plane-wave basis functions than with their
localized counterparts and, therefore, they have become popular in solid-
state electronic structure calculations involving periodic boundary

conditions.

In practice, plane-wave basis sets, and in general any basis set used to
treat elements with high atomic number, are used in combination with a
pseudopotential. The pseudopotential is an effective core potential
constructed to replace the atomic all-electron potential such that core
states are eliminated and the valence electrons are described by current
basis set. In this approach, only the chemically active valence electrons
are treated explicitly, while the core electrons are ‘frozen’, being

considered together with the nuclei as rigid non-polarizable ion cores.

3.6. Semiempirical methods

The high cost of ab initio molecular orbital calculations is largely due to
the many integrals that need to be calculated, especially the two-electron
integrals. Semiempirical quantum chemistry methods are based on the
Hartree-Fock formalism, but approximate various integrals with
functions of some empirical parameters. These parameters are adjusted
to improve the agreement with experimental data (or ab initio
calculations). The semiempirical methods are widely used in
computational chemistry for treating large molecules where the
conventional Hartree-Fock, post-Hartree-Fock or DFT methods become

prohibitive.
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The most frequently-used semiempirical methods are based on the
Neglect of Differential Diatomic Overlap (NDDO) integral approximation
(MNDO, 901 AM1,[911 PM3,192] etc.), while older methods use simpler
integral schemes such as CNDO and INDO. All three approaches (NDDO,
CNDO and INDO) belong to the class of Zero Differential Overlap (ZDO)
methods,[?3] in which all two-electron integrals involving two-centre
charge distributions are neglected. The recently developed PM7,[94 a
modified version of PM3 in its latest parameterization —so called PM6—
,195] not only removes some errors of the NDDO approximation that affect
large systems, but also average errors in organic compounds are reduced
by «~ 10 %, and errors in large organic and solid systems are significantly
diminished. More importantly, PM7 implicitly accounts for weak
noncovalent interactions, which allows its use in supramolecular

complexes of increasing size.

3.7. Molecular mechanics

Molecular mechanics is based on classical mechanics to model molecular
systems.[?6] Molecular mechanics can be used to study molecular entities
of large size and complexity (e.g., biological systems or material
assemblies with many thousands of atoms). The potential energy of any
system in molecular mechanics is calculated using a force field. This
potential function or force field calculates the molecular system’s
potential energy (E) in a given conformation as a sum of individual

energy terms:

E= Ecovalent + Enoncovalent (24)
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where the components of the covalent and noncovalent contributions are

given by:
Ecovalent = Ebond + Eangle + Edihedral (25)

Enoncovalent = Eelectrostatic + Evan der Waals (26)

The bond and angle terms are usually modelled by quadratic energy

functions that do not allow bond breaking:
Epona = Z K. (r - Teq)z (27)

Eangle = Z K(p (p — ‘peq)z (28)

where K, and K, are the bond and angle force constants, respectively,
and r — 7,4 and @ — @, are the distance and angle from equilibrium,

respectively.

The functional form for the dihedral energy is however highly variable;

the most employed expression being:

Eginearar = Z Ky[1 + cos(ng — 6)] (29)

where Ky is the dihedral force constant, n is the multiplicity of the

function, ¢ is the dihedral angle, and & is the phase shift. Improper

torsional terms may be added to enforce the planarity of aromatic rings
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and other conjugated systems, as well as ‘cross-terms’ to describe

coupling of different internal variables, such as angles and bond lengths.

The nonbonded terms are more computationally intensive. A popular
choice is to limit interactions to atomic pairwise energies, which are
calculated for those atom pairs belonging to different molecules, or
separated by at least 3 bonds. The van der Waals term is usually
computed with a Lennard-Jones potential,[971 and the electrostatic term

with Coulomb’s law:

Enoncovatent = Z € [(r_O)lz -2 (r_0)6] + @ (30)

T T Er
Eyan der waals Eelectrostatic

where 1y is the distance at which the potential reaches its minimum, € is
the potential depth, ¢ is the dielectric constant and g is the atomic charge.
Both nonbonded terms can be buffered or scaled by a constant factor to
account for electronic polarizability and provide better agreement with

experimental observations.

3.8. Molecular dynamics

Molecular dynamics (MD) is a computer simulation method that allows
studying the time-dependent motion of atoms and molecules.[%! The
trajectories of atoms and molecules are usually determined by numerical
resolution of Newton’s equations of motion for a system of interacting
particles, where the forces and potential energies between particles are

calculated using the previously described force fields. Because of its
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simplicity and stability, the Verlet algorithm is commonly used in MD
simulations.[?] The basic formula for this algorithm can be derived from

the Taylor expansions for the positions

r;(t + At) = 2r;(t) — r;(t — At) + Fi—(t)At2

i

(31

where r;(t) = (x;(t), y;(t), z;(t)) is the position vector of ith particle at
time ¢, F; is the force acting upon ith particle at time £ and m; is the mass

of the particle.

Ab initio molecular dynamics, in contrast to classical MD where the
potential surface is represented by a force field, describes the electronic
behaviour during the simulation by using first-principles quantum
mechanical methods.[100] The Car-Parrinello (CP) method is a popular ab
initio molecular dynamics method proposed by Roberto Car and Michele
Parrinello in 1985.1101] In contrast to Born-Oppenheimer molecular
dynamics, where the nuclear (ions) degree of freedom are propagated
using ionic forces calculated at each iteration by approximately solving
the electronic problem, the Car-Parrinello method explicitly introduces
the electronic degrees of freedom as (fictitious) dynamical variables,
writing an extended Lagrangian for the system. This leads to a system of
coupled equations of motion for both ions and electrons, in which explicit
electronic minimization at each time step is not required. In order to
maintain the adiabaticity condition, it is necessary that the fictitious mass
of the electrons is chosen small enough to avoid a significant energy

transfer from the ionic to the electronic degrees of freedom.
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The equations of motion of the CP molecular dynamics method are
obtained by finding the stationary point of the Lagrangian under

variations of the Kohn-Sham orbitals ¢; and nuclear positions R;:

MR, = _VIE[{d)i}J {R]}] (32)

. 6E
ph( ) = — ot ) My ) 33)
i\t I

where A;; is a Lagrangian multiplier matrix to comply with the

orthonormality constraint.

3.9. Solvation models

Within the field of computational chemistry, solvent models are a variety
of methods to account for the behaviour of solvated condensed phases.
Solvent models enable simulations and thermodynamic calculations
applicable to reactions and processes which take place in solution, either

in molecular biology, chemistry or environmental science.

Many protocols exist to model solution environments within
computational chemistry.[42 102] Explicit models consist in adding n
solvent molecules around the solute, and therefore provide a physical
spatially resolved description of the solvent. However, many of these
explicit models are computationally very demanding and can fail to
reproduce some experimental results, often due to certain fitting

methods and parametrization.
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Implicit models are, on the other hand, generally more efficient
computationally, and can provide a reasonable description of the solvent
behaviour.[193] In implicit solvent models, the solvent is described as a
homogeneous dielectric around the solute, which is placed in a cavity dug
out of the solvent. The main idea is that the charge distribution of the
solute polarises the dielectric continuum, which in turn polarises the
solute charge distribution. The solute-solvent interactions are described
in terms of a solvent reaction field, which is introduced into the
Hamiltonian as a perturbation. Among the reaction field methods, the
polarizable continuum model (PCM)[104] and the solvation model based
on density (SMD)[105] are the most common approaches to include solvent

effects.

3.10. Periodic boundary conditions

Periodic boundary conditions (PBC) are a set of boundary conditions
used in computational modelling for approximating a large (infinite)
system by using a small part called unit cell.[8 In this approximation, an
infinite system is constructed as a periodically repeated array of the finite
system through the replication of the box simulation (Figure 9). Along the
simulation, when a molecule moves in the main box, its periodic images
move with exactly the same orientation in all the other boxes. Thus, as a
molecule leaves the main box, one of its images will enter through the
opposite site. PBCs are widely used in molecular dynamics simulations to
avoid problems with boundary effects caused by the finite nature of the

simulated system, and create a representation similar to infinite.
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Figure 9. Schematic representation of periodic boundary conditions in two
dimensions. The shaded box is replicated in both dimensions. A particle moving

out of a box will be replaced by one moving in from the opposite side.

3.11. Symmetry-adapted perturbation theory

Symmetry-adapted perturbation theory (SAPT) provides a means of
directly computing the noncovalent interaction between two molecules,
that is, the interaction energy is determined without computing the total
energy of the monomers or dimer.[’8] Besides, SAPT provides a
decomposition of the interaction energy into physically meaningful
components: electrostatic (elst), exchange (exch), induction (ind), and
dispersion (disp) terms. In SAPT, the Hamiltonian of the dimer is
partitioned into contributions from each monomer and the interaction

between them according to:
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where the Hamiltonian (H) is written as a sum of the monomer Fock
operators, F, the fluctuation potential of each monomer, W, and the
interaction potential, V. The monomer Fock operators, F4 + Fg, are
treated as the zeroth-order Hamiltonian, and the interaction energy is

evaluated through a perturbative expansion of V, W,, and Wp.

Several truncations of the closed-shell SAPT expansion are available. The

simplest truncation of SAPT is denoted SAPTOI78 106] and defined by

(20)
exch—ind,resp

(20)

10 10 20
ESAPT0=E( )+E( )+E'( ) +E disp

elst exch ind,resp

+E

20 2 (35)
VEG) 4 6@

exch—disp

where v and w in E®") defines the order in Vand W, + Wp, respectively,

the subscript resp indicates that orbital relaxation effects are included,

and the 6£IZF) term takes into account higher-order induction effects.

3.12. Noncovalent index

The noncovalent index (NCI) analysis provides a magnitude, based on the
electron density and its derivatives, that enables the identification of the
spatial regions where the noncovalent interactions are acting.[51] The NCI
index is based on a 2D plot of the reduced density gradient s and the

electron density p according to

36



Methodology: computational chemistry

1 |Vpl

(36)

When a weak inter- or intramolecular interaction is present, there is a
crucial change in the reduced gradient between the interacting atoms,
producing density critical points between interacting fragments; troughs
appear in s(p) associated with each critical point. Since the behaviour of
s at low densities is dominated by p, s tends to diverge except in the
regions around a density critical point, where Vp dominates, and s

approaches zero.

2.0 Hydrogen bond
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Figure 10. Representation of the NCI index svs. the density coupled to the sign of
A, (left), and the 3D plot of the troughs colored by the strength of the interaction:

blue (strong, attractive) - green (weak) - red (strong, repulsive).

The electron density values within the troughs are an indicator of the
interaction strength. However, both attractive and repulsive interactions
(i.e., hydrogen-bonding and steric repulsion) appear in the same region
of density/reduced gradient space. On the basis of the divergence
theorem, the sign of the Laplacian of the density V?p indicates whether
the net gradient flux of density is entering (V?p < 0) or leaving (V2p >

0) an infinitesimal volume around a reference point. To distinguish
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between different types of weak interactions, contributions to the
Laplacian along the axes of its maximal variation must be analysed
(V2p = A1 + A, + 13, where 1; < A, < 13). On the one hand, bonding
interactions, such as hydrogen bonds, are characterised by an
accumulation of density perpendicular to the bond, and 1, < 0 (Figure
10). On the other hand, nonbonded interactions such as steric repulsion
produce density depletion so that 1, > 0. Finally, weak van der Waals
interactions are characterised by a negligible density overlap that gives

A, S 0.
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4.1. Introduction

A donor-acceptor compound is a chemical system formed by at least one
electron-donor (D) and one electron-acceptor (A) fragment. These two D
and A units are commonly linked by covalent bonding, usually through a
m-conjugated bridge that favours the electronic communication between

the two parts (see Figure 1 in the Introduction Chapter).

Among the wide variety of electroactive chemical entities,
tetrathiafulvalene (TTF) is one of the most exploited electron-rich
systems due to its strong electron-donor behaviour (Figure 11).[107] The
high interest in TTFs has spawned the development of many synthetic
pathways of TTF and its analogues and, therefore, a large variety of
molecular and supramolecular TTF-based donor-acceptor compounds
has been reported.[198] Besides the traditional use for the development of
organic conducting materials, the tetrathiafulvalene unit and its
derivatives have appeared as key constituents for new applications such
as in molecular machines, organic magnets, organic field-effect

transistors, and solar cells.[107, 109]

a)

i - e - _f‘\____

(

Figure 11. a) Chemical structure of TTF. b) Top and side views of the minimum-

S

energy structure of TTF in the ground state.

Similar in nature but in contrast to the quasi-planar shape of its parent
TTF, m-extended TTF (exTTF) has become an efficient electron-rich

alternative with promising electronic and geometrical properties.[1101 The
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exTTF system incorporates two 1,3-dithiole rings in a m-conjugated
quinoid spacer of the type of anthracene, conferring a strong electron-
donor character and an uncommon butterfly-like shape (Figure 12).
Contrarily to the TTF analogues, which show two well-separated one-
electron oxidation processes at relatively low oxidation potential values,
exTTF exhibits a unique two-electron oxidation process to form directly
the dication species. Interestingly, the oxidation process to form the
aromatic dication is accompanied by a dramatic geometrical change from
a butterfly shaped (neutral state) to a planar anthracene structure

(dication, Figure 12).[111]

Figure 12. a) exTTF chemical structure. b) Geometry evolution of the exTTF

minimum-energy structure upon two-electron oxidation.

Since its discovery, exTTF and its derivatives have been extensively
combined with a vast array of electron-acceptor moieties in the design of
efficient push-pull systems with interesting nonlinear and absorption
properties.[112] For instance, exTTF-fullerene molecular wires connected
through an oligo(p-phenylenevinylene) (oPPV) bridge (Figure 13a),[113]
exTTF and perfluoroalkylfullerene dyads and triads (Figure 13b),[114] and
donor-acceptor exTTF-based endohedralfullerene derivatives have been
synthesized and characterised by Nazario Martin and coworkers.[115]
Other applications of exTTF-based derivatives comprise the

supramolecular recognition of fullerene and carbon-based nanoforms
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(Figure 13c);[116] some examples of these will be briefly discussed in

Chapter 5.

Figure 13. Examples of the exTTF-based derivatives in the generation of: (a)
donor-acceptor dyads (exTTF-fullerene connected through an oPPV bridge), (b)
triads (two m-exTTF fragments and a perfluoroalkylfullerene), and (c)

supramolecular donor-acceptor assemblies (exTTF-macrocycle and fullerene).

Despite the great success of organic chemistry in providing a large variety
of donor-acceptor exTTF dyads, only few examples have shown
promising absorption features to be exploited in molecular electronics
and photovoltaics.[112] The recently synthesized donor-acceptor exTTF-
based compound containing the electron-acceptor tricyanofuran (TCF)
moiety (known as exTTF-TCF, Figure 14a) has demonstrated to absorb
light in the whole visible spectrum.[117] [ts use in dye-sensitized solar cells
would further benefit from the butterfly shape of the exTTF unit,
preventing the undesirable self-aggregation usually found in planar

chromophores upon the attachment to the semiconductor surface.[118l
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However, the electron-acceptor TCF moiety must present efficient
anchoring groups to strongly bind the semiconductor, usually constituted
by titanium dioxide (TiO2) nanoparticles.[1191 Substitution of weak
anchoring cyano groups by carboxylic acid moieties in the prototypical

exTTF-TCF compound might open doors to a new generation of efficient

purely-organic light harvesters for dye-sensitized solar cells.

4 Rp -

Figure 14. a) exTTF-TCF dye absorbing in the whole visible spectrum. b)

hemiexTTF-based donor-acceptor derivatives.

A recent work of Nazeeruddin and coworkers demonstrated, in the most
efficient ruthenium-based complexes, that the increasing number of
anchoring groups of the dye (two in N719, three in black dye, and four in
N3) is a determining factor explaining the high photoconversion of these
devices.[120] Inspired by the great success of these multi-anchoring dyes,
Nazario Martin and coworkers developed purely organic di-branched,
donor-acceptor chromophores. Substitution of the exTTF donor moiety
by the analogous hemiexTTF unit has permitted the generation of di-
branched chromophores decorated with two electron-acceptor moieties
absorbing in the whole visible range (Figure 14b). In order to improve
the anchoring strength of the novel absorbing hemiexTTF-based dyes,
analogous donor-acceptor molecular tweezers incorporating the

hemiexTTF unit as donor and two cyanoacrylic units as
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accepting/anchoring groups have been recently reported as metal-free
sensitizers for dye-sensitized solar cells.[121] The adsorption mode of each
anchoring group to the semiconductor surface remained however
unclear so far. A theoretical exploration of the anchoring mechanism in
these di-branched light-harvesters would shed light into the unknowns
determining the performance of multi-branched dyes in Gratzel-type
DSCs. Additionally, this theoretical insight might provide guidelines for
the design of improved purely-organic chromophores exceeding the

current state of the art.

In this Chapter, we report on the theoretical characterization of the
electronic and optical properties of efficient light-harvesters that absorb
light in the entire visible spectrum. The chromophores under study are
based on the electron-donor exTTF and its analogue hemiexTTF
combined with electron-acceptor moieties containing the carboxylic acid
group through a m-conjugated bridge. The structural and electronic
implications of a double- vs. single-anchoring mode of the dye to bind the
semiconductor surface in dye-sensitized solar cells are theoretically

analysed.

4.2. Results and discussion

4.2.1. Mono-branched exTTF-based chromophores

Theoretical calculations based on the density functional theory
framework were carried out to disentangle the structural and electronic
properties of the whole-visible-absorbing exTTF-TCF compound upon
substitution of one cyano group by a carboxylic acid moiety (DCF).

Geometry optimizations of the three possible exTTF-DCF carboxyl-
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substituted isomers (exTTF-DCF-A/B/C, Figure 15a) provide structures
in which the exTTF moiety is strongly distorted out from planarity (see
Figure 15b for exTTF-DCF-A). As previously reported,[tla b, 117, 122] the
donor exTTF unit adopts a butterfly- or saddle-like folded structure that
obstructs the negative dye-aggregation process.[1231 Otherwise, the
acceptor DCF moiety remains planar through the ethylene bridge that
joins the anthracene moiety of exTTF with the furan ring of DCF. For
further details in the geometry structure, the reader is referred to

ilo)ile=Tale)s Wl included at the end of the Chapter.

a) ‘ b)
S ' <

exTTF n-bridge  TCF/DCF

Figure 15. a) Schematic representation of the three possible regioisomers
studied by substitution of one cyano group in the TCF unit of exTTF-TCF by a
carboxylic acid (A, B or C). b) Side view of the minimum-energy geometry of the

exTTF-DCF-A regioisomer.

Mulliken atomic charges accumulated by the different molecular
fragments constituting the exTTF-TCF system and its carboxyl-
substituted derivatives were calculated at the B3LYP/6-31G** level. For
all the dyes, a similar charge transfer of around 0.17e takes place from
the electron-donor exTTF moiety to the electron withdrawing TCF/DCF
unit. However, whereas the cyano groups bear a charge around —0.20e in
all cases, the carboxyl group holds a significantly larger negative charge
of approximately —0.40e. This result suggests that, compared to the

nitrile group, the carboxyl group, already in its neutral form, is not only
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more appropriate to anchor the dye to the semiconductor but also to

favour the electron injection to the semiconductor in a DSC device.
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Figure 16. a) Topology of the frontier molecular orbitals of exTTF-DCF-A. b)
Simulated absorption spectra calculated at the TD-B3LYP/6-31G** level of
theory.

The electronic structure of the exTTF-based chromophores, calculated at
the same level of theory, was found to be similar in all TCF/DCF
derivatives. As shown in Figure 16a for exTTF-DCF-A, the highest-
occupied molecular orbital (HOMO) and the HOMO—1 are fully localized
on the donor exTTF moiety, whereas the HOMO—2 spreads over the
ethylene bridge and the acceptor TCF/DCF fragment with some
contribution from the anthracene unit. The lowest-unoccupied molecular
orbital (LUMO) is also located on the TCF/DCF unit and the ethylene
bridge, whereas the LUMO+1 and LUMO+2 are mainly confined on the
exTTF moiety. The energy gap between HOMO and LUMO was calculated
at - 2.0 eV at the B3LYP/6-31G** level, suggesting that low-lying charge-

transfer transitions are expected upon photoexcitation.
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The optical properties of the exTTF-DCF regioisomers and the exTTF-TCF
compound were thoroughly analysed using time-dependent DFT
(TDDFT) calculations, namely at the TD-B3LYP/6-31G** level
Interestingly, the optical absorption properties of exTTF-TCF are
preserved in the exTTF-DCF derivatives, and the three carboxylic
regioisomers provide quasi-identical absorption features in terms of
position and intensity of the electronic transitions (Figure 16b). The
major contributing monoexcitations to the two lowest-lying transitions
located theoretically at 550 and 700-800 nm, respectively, is the
promotion of one electron from the HOMO and HOMO-—1, which are
completely localized on the exTTF moiety, to the LUMO, which spreads
over the DCF moiety (Figure 16). These electronic excitations are
therefore of charge-transfer nature. Moreover, a very intense band at
around 410 nm is predicted in all chromophores (Figure 16b). This band
originates mainly from a m-m* transition centred in the bridge+acceptor
moiety (HOMO—2 — LUMO) plus the typical m-n* exTTF transition
(HOMO - LUMO+1).

Finally, periodic boundary conditions (PBC) calculations were performed
to disentangle the conformational implications of the adsorption of the
dyes onto titanium dioxide (or titania). The two carboxyl-substituted
regioisomers exTTF-DCF-A and exTTF-DCF-B were placed onto a
periodic slab of TiO, exposing the (101) surface of the anatase
polymorph, and their geometries were fully optimized using the PBE
functional and the Car-Parrinello algorithm. The most common bridging
bidentate mode was used for the adsorption.[118.124] exXTTF-DCF-C was not
computed due to evident steric hindrance between the exTTF moiety and
the semiconductor surface. As depicted in Figure 17, the exTTF-DCF-A
and exTTF-DCF-B dyes are strongly adsorbed onto titania by their
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carboxylate groups, which are attached to the semiconductor surface
through two O-Ti bonds. Importantly, the main molecular axis of the dye
forms an angle with the titania surface of 54° in exTTF-DCF-A, whereas
this angle is computed at 39° in exTTF-DCF-B. As a consequence, the
separation between the donor moiety and the titania surface is predicted
significantly larger in the exTTF-DCF-A regioisomer compared to exTTF-
DCF-B (Figure 17). The donor-surface distance is of paramount
importance to reduce the charge recombination phenomena that limits
the power conversion efficiency in a DSC.[125] Besides the slightly stronger
anchoring predicted theoretically for exTTF-DCF-A through the analysis
of the characteristic C-O and O-Ti bonds, its more perpendicular
disposition to the semiconductor surface would generate a more
significant sensitizer’s dipole component normal to TiO», which has been
directly related with a shift to higher energies of the conduction band
(CB).126] Assuming that the charge transfer to the semiconductor is
practically the same in both regioisomers, the more perpendicular
disposition of exTTF-DCF-A should lead to an increased open-circuit

voltage with beneficial implications for dye-sensitized solar cells.[127]
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Figure 17. Minimum-energy structures calculated for exTTF-DCF-A (left) and
exTTF-DCF-B (right) adsorbed onto a periodic slab of anatase (101).
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4.2.2. Di-branched hemiexTTF derivatives

Inspired by the recent evidences pointing towards the number of
anchoring branches as a great enhancer of the performance of the dye in
a DSC,[120] a series of novel donor-acceptor dyads were studied in
collaboration with Prof. Nazario Martin’s group based on the exTTF
donor molecule with two electron-acceptor branches. We first explored
the electronic and optical properties of the donor-m-acceptor
chromophores shown in Figure 18, in which the 10-(1,3-dithiol-2-
ylidene)-anthracene core (hemiexTTF) was combined with the electron-
acceptor dicyanovinylene (DCV) moiety through two different -
conjugated bridges —either a benzene (Ph) or a 34-
ethylenedioxythiophene (EDOT)—. The EDOT spacer was shown in a
previous work to yield a red-shift in the spectroscopic response and an
enhancement of the molar extinction coefficient in triphenylamine- and

exTTF-based sensitizers.[128]

hemiexTTF-Ph-DCV hemiexTTF-EDOT-DCV

Figure 18. Chemical structure of the hemiexTTF-based push-pull chromophores
including two types of m-conjugated spacers: a phenyl (hemiexTTF-Ph-DCV, left)
and an EDOT (hemiexTTF-EDOT-DCV, right) bridge.
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Theoretical calculations at the B3LYP/6-31G** level predict concave
saddle-like structures, in which the central ring of the anthracene unit
folds up in a boat conformation, and the dithiole ring and the acceptor
arms are tilted down (Figure 19a), similarly to that obtained for the
above-mentioned exTTF-DCF derivatives. Otherwise, the acceptor arms

remain mostly planar in both dyes. The reader is referred to the original

| 31e)ile:1ale)s WAl below for further details.
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Figure 19. a) Front (left) and side (right) views of hemiexTTF-EDOT-DCV. b)

Energy diagram of the frontier molecular orbitals calculated for the dye.
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The HOMO and HOMO-1 in both dyes are mainly localized on the
electron-donor hemiexTTF, whereas the HOMO—2 spreads over the
electron-acceptor moiety with no hemiexTTF participation. The presence
of the electron-rich EDOT fragments in hemiexTTF-EDOT-DCV slightly
increases the energy of the HOMO (—5.10 eV) compared to hemiexTTF-
Ph-DCV (—=5.17 eV), thus reducing the HOMO-LUMO gap from 2.16 eV in
hemiexTTF-Ph-DCV to 2.04 eV in hemiexTTF-EDOT-DCV.

The absorption properties of the light-harvesters under study were
measured in dichloromethane solution by the group of Prof. Nazario
Martin (Figure 20a). Experimentally, hemiexTTF-Ph-DCV displays two
main absorption bands in the UV and visible range (4 = 366 nm; 4, = 536
nm). Both transitions are red-shifted upon inclusion of the EDOT spacer
(A1 =443 nm; A, = 590 nm). TDDFT calculations predict that the lowest-
energy absorption band observed for both chromophores above 500 nm
is due to electronic transitions to the first two excited singlets S; and S;
(Figure 20b). These states originate from the HOMO — LUMO and HOMO
— LUMO+1 monoexcitations, respectively, and imply an electron density
transfer from the hemiexTTF moiety, where the HOMO resides, to the
acceptor moiety, where the LUMO and LUMO+41 are mainly located
(Figure 19b). The moderately high intensities observed for this charge-
transfer (CT) band are in agreement with the oscillator strengths (f)
around 0.4-0.5 calculated for S; and S;, and are due to the significant
overlap between the HOMO and the LUMO/LUMO+1. The intense
absorption band observed at higher energies mainly results from the
HOMO-2 — LUMO excitation (state S¢ for hemiexTTF-Ph-DCV and Ss for
hemiexTTF-EDOT-DCV, Figure 20b), which involves the electron-
acceptor part of the molecule (Figure 19b). Theoretical calculations

therefore confirm for these novel di-branched light-harvesters the
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presence of low-lying, moderately-intense, charge-transfer transitions,

which results in a wide range absorbance over the whole visible

spectrum.
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Figure 20. a) Absorption spectra of hemiexTTF-Ph-DCV (blue) and hemiexTTF-
EDOT-DCV (green) recorded in dichloromethane at room temperature. b)
Theoretical simulation of the UV-Vis absorption spectra. Vertical lines indicate

the vertical excitation energies with the corresponding oscillator strength.
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4.2.3. Single- vs. double-anchoring adsorption modes

Due to the great absorbing properties showed by the novel di-branched
hemiexTTF-based dye derivatives, subsequent studies were focused on
analogous compounds but with substitution of two cyano groups by
efficient anchoring carboxylic moieties (see dye A in Figure 21).[121l These
systems presented intramolecular charge-transfer bands in the low-
energy range and exhibited a broad and intense absorption band in the
whole UV-Vis spectrum, in analogy to the chromophores hemiexTTF-Ph-
DCV and hemiexTTF-EDOT-DCV. Whereas Fourier transform infrared
spectroscopy (FTIR) experiments indicated a di-anchoring adsorption
mode to the TiO; the unambiguous elucidation of the carboxylic
coordination mode to the semiconductor remained unclear. The reader is

referred to the original work for further details.[121]

In order to disentangle the adsorption coordination of the two carboxylic
groups of the hemiexTTF-based di-branched dyes with the TiO; surface
and the implications of the di-anchoring adsorption mode on the DSC
performance, a comprehensive theoretical investigation combining first-
principles DFT and ab initiomolecular dynamics calculations was carried

out on model di-branched dyes (Figure 21).

Figure 21. Chemical structure of the prototypical di-branched hemiexTTF-based
dye with two cyanoacrylic anchoring units (A), and the two simplified molecular

models used in the study (B and C).
54



Chapter 4: Covalent donor—acceptor architectures

It is possible to differentiate three anchoring modes between the
carboxylic acid group and the anatase (101) surface of TiO2: monodentate
(M), chelated (CB) and bridged bidentate (BB). Among them, the
monodentate and especially the bridged bidentate modes displayed in
Figure 22 are the most common modes found in the field of organic
sensitizers attached to the TiO; anatase (101) surface.[118, 124b, 1263, 129] [
the case of the monodentate, two binding modes, M1 and M2, are
distinguishable due to the oxygen atom (04 or O3, respectively) to which

the carboxylic hydrogen is linked (Figure 22).
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Figure 22. Graphical representation of the three main carboxylic/carboxylate
binding modes in DSCs: two different monodentate (M1 and M2) and one
bridged bidentate (BB) adsorptions.

By means of computing the frequency of the symmetric and
antisymmetric vibration of the carboxylic acid group in a simplified
anchoring system (B in Figure 21), we were able to correlate their
stretching wavenumber difference (Avss) with the characteristic
adsorption mode. Whereas the di-branched cyanoacrylic-acid dyes are
arranged in a dimeric fashion in powder samples, Av,s values of the dyes
attached to the TiO, semiconductor are explained in terms of a

monodentate linkage; for full details on the theoretical analysis see the

original [Qggtle)iteelate)s i below.
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i .

BB-BB(1)

Figure 23. Adsorption conformations calculated for model system C. M1-
M1(before) and M1-M1(after) correspond to minimum-energy conformers
optimized before and after the ab initio molecular dynamics simulation,

respectively.

To shed light onto the energetics of the different possible structures for
the combined dyeeTiO system, we modelled the simplified di-branched
system C (Figure 21) anchored to the anatase (101) surface using
periodic boundary conditions. Four single-anchored adsorption

configurations, i.e. three monodentate (M1, M2 and MN) and one
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bidentate (BB) structures, and two di-anchored conformations, i.e. one
monodentate (M1-M1) and one bidentate (BB-BB) structures, were
optimized using the Car-Parrinello algorithm. The M1-M1 conformation
was optimized before and after running a long ab initio molecular
dynamics simulation (termed M1-M1(before) and M1-M1(after),
respectively, in Figure 23). The relative energies of the different

anchoring modes are summarised in Table 1.

Table 1. Relative stabilities of the adsorption conformations modelled for CeTiO>.

Structure Erel (kcal mol-1)
M1 498
M2 3.70
MN 9.70
BB 14.16
M1-M1(before) 0.00
M1-M1(after) -9.39
BB-BB(1) 30.27
BB-BB(2) 38.55

Among the four single-anchored conformations, M2 is calculated to be the
most stable adsorption mode, with the M1 structure being quite close in
energy (1.28 kcal mol-1). However, taking into account the spatial
arrangement of the COOH groups (Figure 23), a di-anchored M2-M2
conformation is not feasible due to the geometric rigidity of the dye, and
it was therefore ruled out. The MN adsorption mode also gives a relatively
small energy and is found to be 6.00 kcal mol-1! less stable than M2. The
bridging bidentate (BB) mode is computed to be more than 10 kcal mol-1
higher in energy than M2, in good agreement with previous theoretical
studies employing Car-Parrinello calculations and periodic boundary

conditions.[129-130]
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Moving to the di-anchoring conformations, M1-M1(before) stands much
more stable than BB-BB (30 kcal mol-1). After a long ab initio molecular
dynamics simulation of 3 ps and the corresponding reoptimization
procedure, M1-M1(after) gains an extra stabilization of more than 9 kcal
mol-1 compared to M1-M1(before). This additional stability is a
consequence of the efficient formation of two H-bonds upon deformation
of the dye structure from planarity. BB-BB(1) and BB-BB(2), where one
H is bonded to the anchoring group or linked to a further 03;s atom,
respectively (Figure 23), both lie much higher in energy than M1-M1. In
fact, the di-anchored BB structures are less stable than the single
anchored BB conformation by more than 15 kcal mol-1. This huge
destabilization is due to the inefficient bond interactions caused by the
rigid structure of the dye, the fixed topology of the TiO; surface and the
additional mt-conjugation breaking experienced by the dye to adopt the di-
anchored BB structures. In passing from M1 to M1-M1(after), a
stabilization of around 14 kcal mol-! is obtained for the di-anchored
conformation, which mostly corresponds to the energy gain associated
with the anchorage of one carboxylic acid group to the anatase (101)

surface (around 18.5 kcal mol-1).[130]

Figure 24 displays the time evolution of the 0;-H and H-03/4 distances
during the CP molecular dynamics simulation. Theoretical calculations
indicate that the room temperature (298 K) energy is high enough to
break and form again the bonds involving the carboxylic hydrogen, thus
giving flexibility to the system to explore a huge zone of the potential
energy surface. At around 1.25-1.50 ps, the H-03,4 distance presents
large values indicating a breaking of the H-bond (Figure 24), whereas at

0.75 and 2.30 ps the distance predicted for H-03/4 is shorter than that for
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0:-H suggesting a proton transfer from the carboxylic acid to the oxygen

of the semiconductor.
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Figure 24. Time evolution of the characteristic O2-H and H-03/4+ bond distances

during the Car-Parrinello molecular dynamics simulation.

Finally, the projected density of states (PDOS) was analysed for M1, BB,
M1-M1 and BB-BB adsorption modes. Calculations predict that the
doubly anchored systems shift the conduction band of TiO; to slightly
higher energies compared to the singly anchored analogues. This shift
allows for an increase in the open-circuit voltage permitting higher
conversion efficiencies for DSC purposes. Moreover, an extensive analysis
of the PDOS show differences in the characteristics of the LUMO bands
corresponding to the CeTiO; system depending on the coordination
mode. Overall, the energetically favoured M1-M1 structure provides
appropriate LUMO-CB energy differences with two broad and intense
LUMO bands located in the anchoring branches, which favour the

electron injection into the semiconductor and would explain the good
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performance experimentally achieved in the device (power-conversion

efficiency of 3.7 %).[121]

Other systems not discussed in the Thesis but directly related with this
Chapter have also been studied theoretically and in collaboration with
the experimental groups of Profs. Michael Gratzel, Concepcié Rovira,
Nazario Martin and Fernando Langa. In particular, donor-acceptor
exTTF-based dyes including electron-acceptor tetracyanobutadiene
moieties,[122] porphyrin-fullerene-based push-pull systems,[131] fluorene
and bi-fluorenylidenes for application in DSCs,[!32] and prototypical
donor-acceptor-donor TTF-based mixed-valence triads for deeper
understanding of the charge-transfer processes(33] have been
investigated. Likewise, other electroactive compounds such as electron-
acceptor derivatives based on polycyclic aromatic hydrocarbons (PAHs)
have been studied,[134] as well as novel azoheteroarene photoswitches in
collaboration with the groups of Profs. Julia Contreras and Matthew
Fuchter.[135] The reader is referred to the original literature for further

details: articles 10-15, 23 and 25 in the List of publications.

4.3. Summary

In this chapter, a quantum-chemical investigation has been performed on
both mono-branched and di-branched donor-m-acceptor chromophores
based on the electron-rich m-extended TTF molecule in the context of
dye-sensitized solar cells. First, the donor exTTF moiety was coupled to a
tricyanofuran unit in which one cyano group is substituted by a
carboxylic anchoring group in the design of a push-pull system with

absorption in the whole range of the UV-Vis solar spectrum. Theoretical

60



Chapter 4: Covalent donor—acceptor architectures

calculations gave insight into the preferential regioisomers of interest to
be synthesized for a maximum performance in the DSC device. Di-
branched chromophores based on an analogous donor hemiexTTF
moiety were theoretically characterised, and the nature of the bridge
connecting the donor and acceptor fragments was analysed by comparing
phenyl and EDOT m-conjugated spacers. The implications of a di-
anchoring mode in the di-branched chromophores for DSC purposes
were assessed by means of first-principles solid-state calculations. We
showed that the most plausible adsorption mode was a monodentate
coordination of the cyanoacrylic acid group in both anchoring branches.
This coordination displayed the most stable anchorage of the target dye
to the semiconductor surface, as well as two broad and intense LUMO
bands that would enhance the electron injection into the semiconductor

with the consequent benefits in the DSC performance.
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Abstract A thorough density functional theory study is per-
formed for the three carboxyl-based derivatives of the exTTF-
TCF chromophore, where the 7m-extended tetrathiafulvalene
(exTTF) electron-donor is linked to the tricyanofuran (TCF)
electron-acceptor through an ethylene bridge, as dyes for dye-
sensitized solar cells. Calculations predict that the carboxyl
group in the acceptor moiety adopts an adequate orientation
for an efficient anchoring on the semiconductor TiO, surface.
The carboxylic acid group holds a negative charge twice larger
than the cyano moiety that favors the electron injection to the
semiconductor. Time-dependent calculations allow for the as-
signment of the absorption bands in the UV-vis spectrum of
exTTE-TCF and confirm the presence of two low-lying charge-
transfer electronic transitions that account for the moderately-
intense absorption in the 450-800 nm range. The striking optical
absorption properties of exTTF-TCF are preserved for the car-
boxylic analogues. Finally, periodic calculations show relevant
topological differences between the carboxylic derivatives an-
chored on the TiO; surface, which would notably influence in
the power conversion efficiency of a dye-sensitized solar cell.

Keywords DFT calculations - Donor-acceptor dyes -
Dye-sensitized solar cells - exTTF-based dyes - Periodic
calculations

Introduction

Solar power generation has emerged as one of the most
rapidly growing renewable sources of electricity to replace
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fossil fuels. Among the different types of next-generation
solar cells, dye-sensitized solar cells (DSCs) have attracted a
great deal of attention due to their low-cost and high-
flexibility [1-3]. However, DSCs have not evolved as much
as other emerging photovoltaic solar cells and, for their com-
mercial application, it is necessary to achieve higher photo-
electric conversion efficiencies (especially in terms of the
photocurrent). In DSCs, a dye-sensitizer absorbs the solar
radiation and the photoexcited electron is transferred to the
conduction band (CB) of a semiconductor, typically TiO,
nanoparticles. Then, a redox mediator, commonly based on
the iodide/triiodide couple, regenerates the oxidized dye com-
pleting the circuit. It is thus of paramount importance that the
dye absorbs in the visible spectrum as much as possible.
Moreover, since a charge separation phenomenon occurs dur-
ing the electron injection to the semiconductor, the photocur-
rent is thought to be dependent on the dye adsorption struc-
ture, and therefore elucidation and control of the adsorption
structure on real devices are indispensable for increasing the
conversion efficiency.

Even though organometallic ruthenium-based dyes have
demonstrated to provide the most efficient DSC devices up to
now [2—4], increasing effort has been made to synthesize
purely organic dyes due to their low-cost, environmental
friendliness and tunable properties [5, 6]. All the organic dyes
used for DSCs possess a donor—rt—acceptor (D-m—A) scheme,
which favors the efficient charge separation and the rapid
electron injection to the semiconductor. Metal-free donor ar-
chitectures such as diphenylaniline [7], fluoreneaniline [8],
and indoline [9] have been shown to provide high efficiencies
in the device standing close to the most efficient Ru-based
complexes. The m-extended tetrathiafulvalene (exTTF) frag-
ment, which offers an extraordinary donor ability as well as
unusual electrochemical properties, has been recently intro-
duced in D-r—A chromophores for the preparation of DSCs
which exhibit efficient photovoltaic conversion [10]. An
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example of these D-7t-A exTTF-based dyes is the push-pull
molecule shown in Fig. 1a, where the exTTF fragment, as
clectron donor, is connected to the tricyanofuran (TCF) moi-
ety, as electron acceptor, through a conjugated ethylene bridge
that allows for the electronic communication between the
donor and the acceptor [11]. This molecule will be hereafter
called exTTF-TCF and has been demonstrated to absorb light
over the whole visible spectrum, which makes it very appeal-
ing for dye-sensitized solar cells. However, the cyano groups
do not strongly bind to the titania surface so chemical engi-
neering is required to substitute at least one cyano moiety with
strong-anchoring groups such as carboxylic or phosphonic
acids.

Computational modeling has demonstrated to provide very
useful information to understand the processes occurring in
DSCs and has served as a guide to fabricate more efficient
devices [12-15]. De Angelis et al. have recently showed the
influence of the chemical structure of the dye on the TiO,
conduction band in terms of charge transfer and electrostatic
effects by means of first-principle calculations [16]. Further-
more, theoretical predictions have allowed the rationalization
of the anchoring adsorption topology [15, 17], dye aggrega-
tion [18], Stark [19] and solvent effects [20], and electrolyte-
dye interactions in several dyes for DSCs purposes [21, 22].
Troisi et al. have recently investigated the effect of the dye and
the anchoring group on electron injection [23, 24], and have
computed the charge recombination rates at the semiconduc-
tor-adsorbate interface in the presence of defects [25, 26] and
at the semiconductor—electrolyte interface.

Herein, we report a thorough theoretical study of the three
carboxylic derivatives of exTTF-TCF: exTTF-DCF-A,
exTTF-DCF-B, and exTTF-DCF-C, where DCF denotes the
carboxyl-substituted dicyanofuran moiety and A, B, and C
distinguish the position of the carboxylic acid group (Fig. 1).
Our goal is to provide, by means of density functional theory
(DFT) calculations, useful geometrical and electronic infor-
mation for the guidance in the design of novel and improved
chromophores for DSCs. Special attention is paid to the
understanding of the interactions of the carboxyl group with
the furan moiety to elucidate the relative disposition of the
acid in the acceptor moiety. A comparative analysis of the
absorption electronic spectra computed for the three

Fig. 1 a Chemical structure of a
exTTF-TCF and atom numbering ==\
used in the text. b Chemical S S

structure of the three exTTH-DCF
regioisomers (only the acceptor
part is drawn) resulting from
substitution of one cyano group in
the electron-acceptor TCF unit by
a carboxyl group
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derivatives with respect to exTTF-TCF is performed to predict
the optical behavior of the carboxylic analogues. The elec-
tronic nature of the different excitations is carefully analyzed
allowing the assignment of the most important bands in the
UV-vis spectrum. Finally, preliminary models of the dyes
adsorbed onto titanium dioxide have permitted to reveal re-
markable dispositional differences between the regioisomers
that directly affect the DSC efficiency.

Computational details

First-principle DFT calculations were performed for the
carboxyl-substituted homologues of the exTTF-TCF system
using the Gaussian09 (rev. BO1) suite of programs [27]. The
very popular hybrid exchange-correlation B3LYP functional
was employed in combination with the 6-31G** Pople’s basis
set [28-33]. The three possible carboxylic analogues of
exTTF-TCF were modeled by substituting one of the cyano
groups by a carboxylic acid group (Fig. 1b). The minimum-
energy conformation of the carboxyl group in the exTTF-
DCF-A, exTTF-DCF-B, and exTTF-DCF-C regioisomers
was determined by geometry optimization calculations and
was analyzed in terms of relative energy and spatial disposi-
tion of the carboxylic acid group. Mulliken analysis was
carried out by computing the accumulated charges of different
atomic groups. Electron density contours (0.03 e bohr *) of
the frontier molecular orbitals were plotted by means of the
Chemcraft 1.6 software [34].

Vertical electronic excitation energies were computed at the
B3LYP/6-31G** level using the time-dependent DFT
(TDDFT) approach [35-37] and the optimized ground-state
molecular geometries. The 20 lowest-lying singlet excited
states were computed for both exTTF-TCF and its carboxylic
analogues. It is well known that the most popular hybrid
functionals such as B3LYP and PBEO usually provide an
accurate description for local 7t-7* excitations whereas they
underestimate the energy of the charge-transfer (CT) excited
states, especially for long-range CT excitations [38—40]. This
shortcoming of standard global hybrid functionals has been
reported for donor-acceptor compounds for which there is a
negligible overlap between the molecular orbitals involved in
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the excitation [41, 42]. In our case, the overlap between
orbitals involved in the main charge-transfer excitations is
large enough to consider that B3LYP will provide reliable
energies for those electronic transitions. This assumption is
corroborated by the excellent agreement obtained between the
theoretical PBEO excitation energies and the position of the
experimental bands reported for the exTTF-TCF compound
[11]. The theoretical simulation of the electronic spectra were
obtained by using the values calculated for the vertical exci-
tation energies and the oscillator strengths convoluted by
Gaussian functions with full width at half maximum
(FWHM) of 0.47 eV (¢=0.20 eV).

To model the adsorption of the different exTTF-DCF
regioisomers onto titania, a periodic slab of anatase (101)
containing (TiO,), with n=56 was employed. The thickness
of the considered slab is large enough to nicely reproduce the
electronic structure of thicker films [43]. Periodic calculations
were performed using the density functional theory within the
generalized gradient approximation (GGA) by means of the
PBE exchange-correlation functional [44]. The Car-Parrinello
(CP) algorithm [45] as implemented in the Quantum-Espresso
5.0 program package [46] was employed for the periodic
boundary conditions (PBC) geometry optimizations.
Electron-ion interactions were described using ultrasoft
pseudopotentials with electrons for O, N, and C 2s, 2p. H
Is, Ti 3s, 3p, 3d, 4s, and S 3s and 3p explicitly included in the
calculations. Plane-wave basis set cutoffs for the smooth part
of the wave functions and the augmented density were 25 and
200 Ry, respectively. The dye molecules were adsorbed on
only one side of the slab and the distance between the top of
the molecule and the adjacent upper slab was larger than 6 A.
The size of the unit cell was 10.244x26.495x29.000 A. Iden-
tical periodic TiO; slabs were considered to model the exTTF-
DCF-A and exTTF-DCF-B regioisomers. The exTTF-DCF-C
regiosomer was not computed due to the steric hindrance in
the adsorbed structure because of the dithiole rings of the
exTTF moiety. Preliminary modeling of the adsorption dispo-
sition in this regioisomer did anticipate a completely parallel
orientation of the dye with respect to the surface.

Results and discussion
Conformational analysis

The electron-acceptor TCF fragment is commonly used in
push-pull chromophores and has been successfully applied
in efficient bulk heterojunction organic solar cells [47]. It
has also been used in dyes for DSCs, but it is well known that
nitrile functional groups do not attach well to the semiconduc-
tor surface, commonly titania nanoparticles. In contrast, the
carboxyl group binds very strongly to TiO and is by far the
most frequently used functional group to anchor a dye onto

the semiconductor surface. Substitution of one nitrile in TCF
by a carboxyl group is therefore highly desired because it
preserves the electron-acceptor ability of the TCF moicty
and allows for an effective anchoring on the TiO, surface.
Although position 9 in the TCF unit of exTTF-TCF (see
Fig. la) is synthetically deactivated from substitution [48],
we have modeled the three regioisomers exTTF-DCF-A,
exTTF-DCF-B, and exTTF-DCF-A resulting from the substi-
tution of the nitrile groups in positions 7, 8, and 9, respective-
ly, by a carboxyl group (Fig. 1b).

The conformation depicted in Fig. la, in which the central
ethylene bridge is in s-irans with respect to the adjacent
double bonds in exTTF and TCF units, has been adopted for
the exTTF-TCF skeleton. The s-cis rotamer resulting from the
rotation around the C2-C3 single bond is computed to be
0.6 keal mol™ higher in energy because of the short HI-C9
and H1-N9 distances. Although both rotamers are easily
interconvertible at room temperature, we have selected the
more stable s-frans rotamer from now on. The relative orien-
tation of the carboxyl group in the three exTTF-DCF
regioisomers was modeled by calculating the different con-
formers resulting from the internal rotation around the C—
COOH single bond for DCF units. Internal rotation around
the C—OH bond was also studied for DCF-A and DCF-B to
generate intramolecular H-bonds with the oxygen of the furan
ring and N7, respectively (Fig. 1). The formation of an intra-
molecular H-bond would hinder the adequate binding with the
semiconductor surface in DSCs.

For DCF-A, the most stable rotamer corresponds to a
conformation in which the carboxyl group is completely pla-
nar, thus preserving the 7t-conjugation with the DCF unit, and
1s pointing outward from the furan ring (Fig. 2a). The hydrox-
ylic hydrogen and the carbonylic oxygen are in a cis-like
orientation at 2.24 A due to the stabilizing electrostatic inter-
action that takes place (charges of +0.33¢ and —0.47¢, respec-
tively). An identical orientation is adopted in the other car-
boxylic derivatives. Interestingly, the rotamer that forms a H-
bond (1.81 A) with the oxygen of the furan ring is calculated
3.7 keal mol™ higher in energy as the least stable conformer.

a b

Fig.2 Most stable conformers calculated for exTTF-DCF-A (a), exTTF-
DCF-B (b), and exTTF-DCF-C (¢)
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The increase in the C5-C6-C7 angle (see Fig. la for atom
numbering) from 121° to 127° demonstrates that the carbox-
ylic acid is too close to the oxygen of the furan ring and thus
unfavorable angle distortions are required for H-bond forma-
tion. The most stable conformation shown in Fig. 2a is favor-
able for an adequate binding with the semiconductor surface.

In analogy to DCF-A, the most stable rotamer for DCF-B is
completely planar and places the OH group pointing outward
of the molecule (Fig. 2b), which is beneficial for a correct
anchorage on the semiconductor surface in DSCs. The repul-
sive electrostatic interaction between the carbonyl oxygen and
the vicinal cyano group distorts the linearity of this group and
the C4-C9=N9 angle changes from 174° in DCF-A to 168° in
DCEF-B. The rotamer in which the OH group points toward
this cyano group is 3.5 keal mol™ less stable and is therefore
ruled out.

Regioisomer DCF-C is computed 2 kcal mol™' less stable
than DCF-A and DFC-B, which are mostly isoenergetic, and
is not expected to be formed in the synthetic process reported
by Bartholomew et al. [48]. In all rotamers studied for DCF-C,
the carboxylic acid group is out of the plane defined by the
furan ring owing to the steric hindrance with the neighboring
nitrile and ethylene moieties. For the most stable conformer
(Fig. 2¢), the OH group is closer than the C=0 group to the
vicinal nitrile unit. In conclusion, although the three
regioisomers provide an adequate directionality of the carbox-
ylic acid for the anchorage to the semiconductor, only the
DCF-A and DCF-B regioisomers retain the planarity of the
carboxyl group and therefore maintain the m-electron conju-
gation required for an efficient electron injection.

Ground state properties

Geometry optimizations of the three exXTTF-DCF carboxyl-
substituted derivatives provide structures in which the exTTF
moiety is strongly distorted from planarity (see Fig. 3 for
exTTF-DCF-A). As previously reported [11, 49-53], the do-
nor exTTF unit adopts a butterfly- or saddle-shape folded
structure, which can be taken advantage of to generate dyes
for DSCs because it prevents the well-known shortcoming of
dye-aggregation [54-56]. Otherwise, the acceptor DCF moi-
ety remains planar through the ethylene bridge that joins the
anthracene moiety of exTTF with the furan ring of DCFE. The
carboxyl group in exTTF-DCF-A, —B, and -C displays the
spatial dispositions shown in Fig. 2a-c, respectively. Com-
pared to exTTF-TCF, the substitution of one cyano by a

Fig. 3 Top (a) and side (b) view of the minimum-energy structure
calculated for exTTF-DCF-A
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carboxyl group has a negligible effect on the exTTF unit and
the ethylene bridge, and only minor changes (< 0.01 A) are
obtained for the acceptor unit.

Table 1 collects the Mulliken charges accumulated by the
different molecular fragments constituting the exTTF-TCF
system and its carboxyl-substituted derivatives. For all the
dyes, a similar charge transfer of around 0.17e takes place
from the electron-donor exTTF moiety to the electron-
withdrawing TCF/DCF unit. The main difference between
exTTF-TCF and its carboxyl derivatives resides in the charge
accumulated by the substituent groups. Whereas the cyano
groups bear a charge around —0.20¢ in all cases, the carboxyl
groups hold a significantly higher negative charge of approx-
imately —0.40e. This result suggests that compared to the
nitrile group the carboxyl group is not only more appropriate
to anchor the dye to the semiconductor but also to favor the
electron injection.

Calculations predict the same atomic orbital composition
for the frontier molecular orbitals of exTTF-TCF and its
carboxylic derivatives. As shown in Fig. 4 for exTTF-DCE-
A, the highest-occupied molecular orbital (HOMO) and the
HOMO-1 are fully localized on the donor exTTF moiety,
whereas the HOMO-2 spreads over the ethylene bridge and
the acceptor TCF/DCF fragment with some contribution from
the anthracene unit. The lowest-unoccupied molecular orbital
(LUMO) is also located on the TCF/DCF unit and the ethyl-
ene bridge, whereas the LUMO+1 and LUMO+2 are mainly
confined on the exTTF moiety. A general destabilization of
approximately 0.10 eV is predicted in passing from exTTF-
TCF to the carboxylic derivatives (Table 2). The LUMO
energy is an exception, as it is destabilized by 0.20 eV thus
causing a small increase in the HOMO-LUMO energy gap for
the carboxylic derivatives. The higher energy predicted for the
LUMO of the exTTF-DCF derivatives is due to the lower
electron-withdrawing character of the carboxyl group com-
pared to the cyano group. The increase in the HOMO-LUMO
energy gap determines a shift to higher energies of the lowest-
energy charge transfer excitations (vide infra).

Excited state properties

The exTTF-TCF molecule absorbs over the whole visible
spectrum [11]. Its push-pull design with the electron-donor
exTTF moiety and the electron-withdrawing TCF fragment
allows for low-lying charge-transfer excited states that can be
harnessed for rapid electron injection to the semiconductor in
a DSC device. In addition, the exTTF and TCF fragments
absorb light around 450 nm giving rise to an intense and broad
band in the blue region. As discussed above, nitrile groups
have to be replaced by other anchoring groups like carboxylic
acid for a strong and stable binding of the dye to the semicon-
ductor. Therefore, for DSC purposes, it is essential that the
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Table 1 Mulliken charges
accumulated by the different
molecular fragments of
exTTF-TCF and its carboxylic
exTTF-DCF derivatives®

TCF/DCF
Compound exTTF Bridge TCF/DCF A B € A+BHC

. ’ 53

A, B, and C refer to the position rpp o +0.19 ~0.02 —0.17 017 -021 023 06l
of the carboxyl group in exTT-
DCF-A, exTI-DCE-B, and ex T SXTTF-DCF-A +0.17 -0.02 -0.15 -038 -025 -0.23 -0.86
DCF-C, respectively; the other exTTF-DCF-B +0.17 —-0.01 -0.16 =020 —-0.40 -0.21 —0.81
positions are occupied by cyano exTTF-DCF-C +0.17 0.00 0.17 020 022 041 0.83

groups

excellent optical properties of exTTF-TCF are maintained in
the carboxylic derivatives.

The exTTF-DCF regioisomers were thoroughly analyzed
using time-dependent DFT (TDDFT) calculations to compare
their optical properties with those obtained for exTTF-TCF.
The vertical excitation energies, oscillator strengths (f), and
clectronic nature calculated for the lowest-energy excited
states are given in Table 3. Figure 5 displays the theoretical
simulation of the electronic spectra obtained by using
Gaussian-type convolution functions of width=0.20 eV. As

*.- ™
oty
g

Fig. 4 Electron density contours (0.03 ¢ bohr 3y calculated at the
B3LYP/6-31G** level for the frontier molecular orbitals of
exTTF-DCF-A

shown in Table 3 and Fig. 5, the optical absorption properties
of exTTF-TCF are preserved in the exTTF-DCF derivatives
and the three carboxylic regioisomers provide quasi-identical
absorption features in terms of position and intensity of the
electronic transitions.

In the low-energy part of the spectra, two low-lying
electronic transitions (Sp—S; and Sy—S;) are computed
around 1.7 eV (720 nm) and 2.3 eV (540 nm) for exTTF-
DCF derivatives. The major contributing monoexcitation to
these transitions is the promotion of one electron from the
HOMO and HOMO-1, which are completely localized on
the exTTF moiety, to the LUMO, which spreads over the
DCF moiety (see Fig. 4). The S4—S, and Sq—S; transi-
tions therefore imply an intramolecular charge transfer
(CT) from the donor to the acceptor. They show moderate
oscillator strengths (/=0.15-0.30), and undergo a shift to
higher energies of 0.1 ¢V in passing from exTTF-TCF to its
carboxyl-derivatives. The displacement of the CT bands
results from the larger HOMO-LUMO gap computed for
the exTTF-DCF derivatives, which is ascribed to the lower
electron-withdrawing character of the carboxyl group. The
0.1 eV shift is not large enough to change the absorption
properties of the dye, and similar CT features are predicted
for exTTF-TCF and its carboxyl-substituted derivatives
(Table 3).

Table 2 Molecular orbital energies in eV

Orbital exTTF- exTTF-DCF-A exTTF-DCF-B exTTF-DCF-C
TCF
HOMO-2 -627 -6.15 —6.15 —6.12
HOMO-1 -576 —5.66 —5.65 —5.66
HOMO -5.16 5.07 -5.06 5.08
LUMO =322 =5.02 —3.04 -3.01
LUMO+1 -1.77 -1.66 -1.66 —~1.66
LUMO+2 -130 -1.20 =119 -1.19

@ Springer
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Table 3 Lowest singlet excited states calculated at the TDDFT level
(B3LYP/6-31G** in vacuum) for exTTF-TCF and its carboxylic deriva-
tives. Vertical excitation energies (£), oscillator strengths (f), dominant

monoexcitations with contributions (within parentheses) greater than
15 %, and description of the excited states are given

Compound State £ (eV /nm) & Monoexcitations (%)" Dcscriptionb
exTTF-TCF Sy 1.62 /766 0.141 H—L 97) GT

S, 2.18 /568 0.284 H-1-L (96) CT

S; 2.88 /431 0.873 H-2—L (95) TCF

S, 3.02/411 0271 HoL+1 (95) exTTF

Ss 3.24 /383 0.010 H—L+2 (74) exTTF

Se 3.35/371 0.182 H-3—L (93) Anthr.+TCF
exTTF-DCE-A Sy 1.72 /721 0.145 H—-L 97) CT

S> 2.28/545 0279 H-1-L 97) CT

S3 2.93/424 0.804 H-2—L (94) DCF

Sy 3.03 /409 0.271 H—L+1 (95) exTTF

Ss 3.26 /381 0.015 H—L+2 (74) exTTF

Se 3.40/365 0.242 H-3—L 91) Anthr.+DCF
exTTF-DCF-B Sy 1.70 /730 0.146 H—-L 97) CT

S, 2.26 / 549 0.282 H-1-L 97) GT

S,y 293/423 0.891 H-2—L (95) DCF

S 3.03 /409 0.270 H—L+1 (95) exTTF

Ss 325/381 0.011 H—L+2 (73) exTTF

Se 3.40 /365 0.168 H-3—L (92) Anthr.+DCF
exTTF-DCF-C Sy 1.73 /715 0.145 H—L 97) CT

S 2.29 /541 0.287 H-1—-L (Czd] GF

Ss 2.90/427 0.770 H-2—L (95) DCF

Sy 3.04 /408 0.269 H—L+1 (95) exTTF

Ss 3.26 /380 0.014 H—-L+2 (74) exTIF

S¢ 3.40/364 0275 H-3—L [C2] Anthr.+DCF

“H and L denote HOMO and LUMO, respectively. 2 CT, TCF, DCF, exTTF, and Anthr. denote charge-transfer and TCF-, DCF-, exTTF-, and

anthracene-centered electronic transitions, respectively

In the blue part of the spectrum, a very intense electronic
transition (So—S;) is calculated for both exTTF-TCF

ﬁ\\ green-exTTF
| exTTF-DCF-A
exTTF-DCF-B
exTTF-DCF-C
[
(5]
e
o
£
o
w
0
<
/ v i . . s — .
200 400 600 800 1000 1200

Wavelength (nm)

Fig. 5 TDDFT simulations of the UV—vis absorption spectra of exTTF-
TCF and its carboxylic derivatives
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(2.88 eV, 431 nm) and its exTTF-DCF derivatives (2.90—
2.93 eV) (Table 3 and Fig. 5). The S;—S; transition implies
an electron promotion from the HOMO-2 to the LUMO and is
thercfore associated to the T—7r* excitation of the acceptor
unit and the ethylene bridge (Fig. 4). It is the main responsible
for the very intense absorption band observed in the experi-
mental spectrum of exTTF-TCF at 418 nm [11]. A
moderately- to highly-intense exTTF-centered t-77* electron-
ic transition (Sp—S, associated with the HOMO—LUMO+1
excitation) is also predicted around 3.0 eV (400 nm), but this
transition is hidden under the more intense S;—S5 transition.
The integration of the theoretical simulated spectra (Fig. 5)
shows that all the systems absorb practically the same amount
of light under the considered region. The carboxyl-substituted
derivatives exXTTF-DCF-A and exTTF-DCF-B present a
slightly higher absorption (integration of 1.11 and 1.10 eV,
respectively) than exTTF-TCF and exTTF-DCF-C (1.05 and
1.01 eV, respectively).

TDDFT calculations therefore predict exactly the same
characteristics (electronic nature, energy, and intensity) for



J Mol Model (2014) 20:2188

Page 7 of 10, 2188

the electronic transitions that shape the absorption spectra of
exTTF-TCF and its exTTF-DCF derivatives. The optical ab-
sorption spectrum remains mainly unaffected upon the intro-
duction of the carboxyl group (Fig. 5) and the carboxyl-
substituted exTTF-DCF derivatives are thus predicted to in-
tensely absorb from 300 to 800 nm being good candidates as
dyes for DSCs.

Adsorption onto titania

To investigate the adsorption of the dyes onto titania, periodic
boundary conditions (PBC) calculations were performed. The
two carboxyl-substituted regioisomers exTTF-DCF-A and
exTTF-DCF-B were placed onto a periodic slab of TiO,
exposing the (101) surface of the anatase polymorph. PBC
geometry optimizations were performed and the final struc-
tures for the two isomers are shown in Fig. 6. The regioisomer
exTTF-DCF-C was not computed due to evident steric hin-
drance between the exTTF moiety and the semiconductor
surface. Although both monodentate and bidentate adsorption
modes are present in dyes adsorbed onto titania, only the
bridged bidentate coordination was modeled because it is the
most commonly found [14, 18, 19, 57-59].

The (101) surface of anatase presents active, five-
coordinated Ti atoms on which the carboxylic/carboxylate
groups of the dye are bound. As depicted in Fig. 6, the
exTTF-DCF-A and exTTF-DCF-B dyes are strongly
adsorbed onto titania by their carboxylate groups which are
attached to the semiconductor surface by two O—Ti bonds.
exTTF-DCF-A binds to the semiconductor surface in a more
perpendicular way than exTTF-DCF-B. The main molecular
axes of the dye forms an angle with the titania surface of 54° in
exTTF-DCF-A and of 39° in exTTF-DCF-B. As a conse-
quence, the distance between the center of the donor exTTF
moiety and the semiconductor surface is notably different:
values of 12.8 and 9.5 A are computed for exTTF-DCF-A
and exTTF-DCF-B, respectively. For dye-sensitized solar
cells, the separation between the donor moiety and the titania
surface is of paramount importance since the larger the

Fig. 6 Minimum-energy
structures calculated for exTTF-
DCF-A (left) and exTTF-DCF-B
(right) adsorbed onto a periodic
slab of anatase (101)

Table 4 Interatomic distances (in A) for the bonds defining the anchor-
age of exTTF-DCB-A and exTTF-DCB-B onto titania

exTTF-DCF-A exTTF-DCF-B
c-0 1.286 1.284

1287 1.286
O-Ti 2,071 2.105

2,133 2.136

distance, the less probable the electron-hole recombination
processes that reduce the power conversion efficiency. On the
other hand, in a DSC device the electrolyte interacts favorably
with the donor part of the absorber. Therefore, by keeping
away the donor moiety from the semiconductor surface the
redox couple will stay far from titania, thus also reducing the
electron-hole recombination with the electrolyte. In terms of
stability, both dyes have almost identical energies adsorbed on
the TiO, slab, yet exTTF-DCF-A is computed 1.7 kcal mol™
lower in energy than exTTF-DCF-B. In the latter, the steric
repulsion between the C9=N9 cyano group and the closely
located semiconductor surface may be the cause of this energy
difference. An angle distortion of the cyano from 171.6° in
exTTF-DCF-A to 164.9° in exTTF-DCF-B supports this
assumption.

Table 4 compares the bond distances defining the anchor-
age of the carboxylate group to the titania surface in exTTF-
DCF-A and exTTF-DCF-B. The carboxylate C—O bonds are
marginally longer in exTTF-DCF-A by 0.001-0.002 A, and
the O—Ti bonds are significantly shorter especially for the
better-linked carboxylate oxygen atom (0.034 A). Both signa-
tures reflect that the exTTF-DCF-A regioisomer is more
strongly bound to the semiconductor surface thus favoring
the stability of the adsorbed dye@TiO, species and, as a
consequence, of the device.

By taking into account the dipole moment generated by the
dye when linked onto titania, it is possible to estimate the
differences expected in the open-circuit voltage (Vo) in the
DSC device between the two regioisomers since the sensi-
tizer’s dipole component normal to the surface of TiO,
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induces a shift in the energy ofthe CB [57, 60]. As observed in
Fig. 6, the exTTF-DCF-A regioisomer lies more perpendicu-
lar to the semiconductor surface than ex TTF-DCF-B. It is thus
expected that the exXTTF-DCF-A dye causes a larger shift to
higher energies of the CB of the semiconductor, which will
give rise to an increase of the Ve in the device. However, the
situation is more entangled than that, and a recent work has
shown that the CB shift is the result of the combined effect of
i) the amount of electron density transferred in the ground
state from the dye to the semiconductor and ii) the electric
field generated by the dye on the TiO, surface [16]. Assuming
that the charge transfer to the semiconductor is practically the
same in both regioisomers, the more perpendicular disposition
of the exTTF-DCF-A absorber should lead to an increased
Voc, which is beneficial for dye-sensitized solar cells.

Conclusions

A first-principles investigation on the carboxyl-substituted
exTTF-DCF derivatives of the donor—m—acceptor exTTF-
TCF chromophore as dyes for DSCs has been performed by
means of density functional theory calculations. The spatial
arrangement and conformational isomerism of the electron-
withdrawing tricyanofuran moiety and its three carboxylic
DCF analogues have been first analyzed. The three carboxylic
regioisomers show in their most stable conformation a dispo-
sition in which the carboxyl group points outward from the
system thus acquiring an adequate orientation for an efficient
anchorage to the semiconductor TiO» surface in DSCs.
Whereas the carboxyl group remains coplanar to the acceptor
moiety in DCF-A and DCF-B and the electron m-conjugation
is maintained, it is displaced out from planarity in DCF-C due
to steric hindrance effects. The latter, besides being unfavor-
able from a synthetic point of view, presents a rupture of'the 71-
conjugation in the carboxylic acid that would hinder fast
electron injection to the semiconductor.

The net charges accumulated by the different molecular
fragments constituting the dyes show that, in the ground state,
a charge transfer of around 0.17e takes place from the donor
exTTF moiety to the acceptor carboxyl-substituted DCF unit.
The anchoring carboxyl group holds a negative charge twice
larger than the cyano moiety, which is beneficial for an effi-
cient electron injection to the semiconductor in a DSC. In the
excited state, the photoinduced charge transfer reinforces the
negative charge accumulated by the acceptor unit. Time-
dependent calculations confirmed the charge-transfer nature
of the two moderately intense, low-lying bands predicted for
exTTF-DCF derivatives and observed experimentally in the
500-800 nm range in the UV—vis spectrum of exTTF-TCF.
The three carboxylic regioisomers preserve the absorption
features of the parent exTTF-TCF system absorbing over the

@ Springer

whole UV-vis spectrum. This supports the interest in synthe-
sizing them for dye-sensitized solar cell purposes.

Finally, periodic calculations have been carried out for the
more probable exTTF-DCF-A and exTTF-DCF-B
regioisomers anchored onto a periodic slab of TiO, (101).
The absorbers were fully optimized, showing relevant differ-
ences in terms of the relative orientation with respect to the
semiconductor surface. The exXTTF donor moiety lies closer to
the semiconductor surface in exTTF-DCF-B than in exTTF-
DCF-A. The distance between the exTTF fragment and the
surface is more than 3 A larger in exTTF-DCF-A thus reduc-
ing the possible electron—hole recombination processes both
with the donor moiety and with the electrolyte that might
happen in the device. exXTTF-DCF-A is calculated to be
slightly more stable than exTTF-DCF-B when anchored on
TiO, and is predicted as the better performing candidate for
application in DSCs.

Acknowledgments This work has been supported by the Spanish
Ministry of Economy and Competitiveness MINECO (CTQ2012-
31914), the Generalitat Valenciana (PROMETEO/2012/053) and European
Feder funds (CTQ2012-31914). JC acknowledges the Ministry of
Education, Culture and Sport (MECS) of Spain for a Formacion de
Profesorado Universitario (FPU) grant.

References

Jum:

. Hagfeldt A, Boschloo G, Sun L, Kloo L, Pettersson H (2010) Dye-
Sensitized Solar Cells. Chem Rev 110:6595-6663. doi:10.1021/
cr900356p

2. O'Regan B, Gratzel M (1991) A low-cost, high-efficiency solar cell

based on dye-sensitized colloidal TiO2 films. Nature 353:737-740.
doi:10.1038/353737a0
3. Nazeeruddin MK, De Angelis F, Fantacci S, Selloni A, Viscardi G,
Liska P, Ito S, Takeru B, Gritzel M (2005) Combined experimental
and DFT-TDDFT computational study of photoelectrochemical cell
ruthenium sensitizers. J Am Chem Soc 127:16835-16847. doi:10.
1021/ja0524671
4. Nazeeruddin MK, Kay A, Rodicio I, Humphry-Baker R, Mueller E,
Liska P, Vlachopoulos N, Graetzel M (1993) Conversion of light to
electricity by cis-X2bis(2,2"-bipyridyl-4.4'-dicarboxylate)ruthenium(Il)
charge-transfer sensitizers (X = Cl-, Br-, I-, CN-, and SCN-) on
nanocrystalline titanium dioxide electrodes. J Am Chem Soc 115:
6382-6390. doi:10.1021/ja00067a063

5. Mishra A, Fischer MKR, Biuerle P (2009) Metal-free organic dyes
for dye-sensitized solar cells: from structure: property relationships to
design rules. Angew Chem Int Ed 48:2474-2499. doi:10.1002/anie.
200804709

6. Pastore M, Mosconi E, Fantacci S, De Angelis F (2012)
Computational investigations on organic sensitizers for dye-
sensitized solar cells. Curr Org Chem 9:215-232

7. Hagberg DP, Edvinsson T, Marinado T, Boschloo G, Hagfeldt A, Sun
L (2006) A novel organic chromophore for dye sitized nanostruc-
tured solar cells. Chem Commun:2245-2247. doi:10.1039/b603002¢

8. Kim S, Lee JK, Kang SO, Ko J, Yum JH, Fantacci S, De Angelis F,

Di Censo D, Nazeeruddin MK, Gritzel M (2006) Molecular engi-

neering of organic sensitizers for solar cell applications. J Am Chem

Soc 128:16701-16707. doi:10.1021/ja066376f




J Mol Model (2014) 20:2188

Page 9 of 10, 2188

9

10.

13;

14.

15.

1

~

18.

19.

20.

21

22,

23;

24.

25.

26.

Horiuchi T, Miura H, Sumioka K, Uchida S (2004) High efficiency of
dye-sensitized solar cells based on metal-free indoline dyes. J] Am
Chem Soc 126:12218-12219. doi:10.1021/ja0488277

Wenger S, Bouit P-A, Chen Q, Teuscher J, Censo DD, Humphry-
Baker R, Moser J-E, Delgado JL, Martin N, Zakeeruddin SM, Griitzel
M (2010) Efficient clectron transfer and sensitizer regeneration in
stable m-extended tetrathiafulvalene-sensitized solar cells, J Am
Chem Soc 132:5164-5169. doi:10.1021/ja909291h

. Bouit P-A, Villegas C, Delgado JL, Viruela PM, Pou-Amérigo R,

Orti E, Martin N (2011) ExTTF-based dyes absorbing over the whole
visible spectrum. Org Lett 13:604-607. doi:10.1021/01102845m

. Pastore M, De Angelis F (2013) Modeling materials and processes in

dye-sensitized solar cells: understanding the mechanism, improving
the efficiency, Top Curr Chem doi:10.1007/128 2013 468
Martsinovich N, Troisi A (2011) Theoretical studies of dye-sensitised
solar cells: from electronic structure to elementary processes. Energy
Environ Sci 4:4473-4495. doi:10.1039/c1ee01906f

Vittadini A, Selloni A, Rotzinger FP, Gritzel M (2000) Formic acid
adsorption on dry and hydrated TiO2 anatase (101) surfaces by DFT
calculations. J Phys Chem B 104:1300-1306. doi:10.1021/
jp993583b

Anselmi C, Mosconi E, Pastore M, Ronca E, De Angelis F (2012)
Adsorption of organic dyes on TiO2 surfaces in dye-sensitized solar
cells: interplay of theory and experiment. PCCP 14:15963-15974,
doi:10.1039/c2cp43006a

. Ronca E, Pastore M, Belpassi L, Tarantelli F, De Angelis F (2013)

Influence ofthe dye molecular structure on the TiO2 conduction band
in dye-sensitized solar cells: disentangling charge transfer and elec-
trostatic effects. Energy Environ Sci 6:183-193. doi:10.1039/
c2ee23170k

. Pastore M, De Angelis F (2012) Computational modelling of TiO2

surfaces sensitized by organic dyes with different anchoring groups:
adsorption modes, electronic structure and implication for electron
injection/recombination. PCCP 14:920-928. doi:10.1039/
clep22663k

Pastore M, Angelis FD (2009) Aggregation of organic dyes on TiO2
in dye-sensitized solar cells models: an ab initio investigation. ACS
Nano 4:556-562. doi:10.1021/nn901518s

Pastore M, Angelis FD (2011) Computational modeling of stark
effects in organic dye-sensitized TiO2 heterointerfaces. J Phys
Chem Lett 2:1261-1267. doi:10.1021/j2200443w

Mosconi E, Selloni A, De Angelis F (2012) Solvent effects on the
adsorption geometry and electronic structure of dye-sensitized tio2: a
first-principles investigation. J Phys Chem C 116:5932-5940. doi:10.
1021/jp209420h

Pastore M, Mosconi E, De Angelis F (2012) Computational investi-
gation of dye—iodine interactions in organic dye-sensitized solar cells.
J Phys Chem C 116:5965-5973. doi:10.1021/jp300095z

Mosconi E, Yum J-H, Kessler F, Gomez Garcia CJ, Zuccaccia C,
Cinti A, Nazeeruddin MK, Gritzel M, De Angelis F (2012) Cobalt
electrolyte/dye interactions in dye-sensitized solar cells: a combined
computational and experimental study. ] Am Chem Soc 134:19438—
19453, doi:10.1021/ja3079016

Martsinovich N, Troisi A (2011) High-throughput computational
screening of chromophores for dye-sensitized solar cells. J Phys
Chem C 115:11781-11792, doi:10.1021/jp2026847

Ambrosio F, Martsinovich N, Troisi A (2012) What is the best
anchoring group for a dye in a dye-sensitized solar cell? J Phys
Chem Lett 3:1531-15335, doi:10.1021/j2300520p

Maggio E, Troisi A (2013) Theory of the charge recombination
reaction at the semiconductor-adsorbate interface in the presence
of defects. J Phys Chem C 117:24196-24205. doi:10.1021/
jp4080515

McMahon DP, Troisi A (2011) Persistence time of charge carriers in
defect states of molecular semiconductors. PCCP 13:10241-10248.
doi:10.103%/c1cp20192a

27

28.

29.

30.

3

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson
GA, Nakatsuji H, Caricato M, Li X, Hratchian HP, Izmaylov AF,
Bloino J, Zheng G, Sonnenberg JL, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Vreven T, Montgomery JA, Peralta JE, Ogliaro F,
Bearpark M, Heyd 1], Brothers E, Kudin KN, Staroverov VN,
Kobayashi R, Normand J, Raghavachari K, Rendell A, Burant JC,
Iyengar SS, Tomasi J, Cossi M, Rega N, Millam JM, Klene M,
Knox JE, Cross JB, Bakken V, Adamo C, Jaramillo J, Gomperts
R, Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Martin RL, Morokuma K, Zakrzewski VG, Voth
GA, Salvador P, Dannenberg 1), Dapprich S, Danicls AD, Farkas,
Foresman JB, Ortiz JV, Cioslowski J, Fox DJ (2009) Gaussian 09,
Revision A.02. Gaussian, Inc, Wallingford

Francl MM, Pietro WJ, Hehre W, Binkley JS, Gordon MS, Defrees
DI, Pople JA (1982) Self-consistent molecular orbital methods.
XXIII. A polarization-type basis set for second-row elements. J
Chem Phys 77:3654-3665

Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density.
Phys Rev B 37:785-789

Becke AD (1993) Density-functional thermochemistry. 111, The role
of exact exchange, ] Chem Phys 98:5648-5652. doi:10.1063/1.
464913

. Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ (1994) Ab initio

calculation of vibrational absorption and circular dichroism spectra
using density functional force fields. J Phys Chem A 98:11623—
11627. doi:10.1021/j100096a001

32. Becke AD (1993) Density-functional thermochemistry. 111, The role

33

34.
35.

36.

37.

38.

39,

40.

4

42,

43.

of exact exchange. ] Chem Phys 98:5648-5652

Francl MM, Pietro WJ, Hehre W, Binkley JS, Gordon MS, Defrees
DI, Pople JA (1982) Self-consistent molecular-orbital methods.23. A
polarization-type basis set for 2nd-row elements. J Chem Phys 77:
3654-3665. doi:10.1063/1.444267

Chemcraft http://www.chemcraftprog.com/

Jamorski C, Casida ME, Salahub DR (1996) Dynamic polarizabilities
and excitation spectra from a molecular implementation of time-
dependent density-functional response theory: N[sub 2] as a case
study. J Chem Phys 104:5134-5147

Petersilka M, Gossmann UJ, Gross EKU (1996) Excitation energies
from time-dependent density-functional theory. Phys Rev Lett 76:
1212-1215

Casida ME, Jamorski C, Casida KC, Salahub DR (1998) Molecular
excitation energies to high-lying bound states from time-dependent
density-functional response theory: characterization and correction of
the time-dependent local density approximation ionization threshold.
J Chem Phys 108:4439—4449

Dreuw A, Weisman JL, Head-Gordon M (2003) Long-range charge-
transfer excited states in time-dependent density functional theory
require non-local exchange. J Chem Phys 119:2943-2946. doi:10.
1063/1.1590951

Dreuw A, Head-Gordon M (2005) Single-reference ab initio methods
for the calculation of excited states of large molecules. Chem Rev
105:4009-4037. doi:10.1021/cr0505627

Tozer DJ (2003) Relationship between long-range charge-transfer
excitation energy error and integer discontinuity in Kohn-Sham
theory. J Chem Phys 119:12697-12699. doi:10.1063/1.1633756

. Peach MJG, Benfield P, Helgaker T, Tozer DJ (2008) Excitation

energies in density functional theory: an evaluation and a diagnostic
test. J Chem Phys 128. doi:10.1063/1.2831900

Wiggins P, Williams JAG, Tozer DJ (2009) Excited state surfaces in
density functional theory: a new twist on an old problem. J Chem
Phys 131. doi:10.1063/1.3222641

Martsinovich N, Jones DR, Troisi A (2010) Electronic structure of
TiO2 surfaces and effect of molecular adsorbates using different DET

@ Springer



2188, Page 10 of 10

J Mol Model (2014) 20:2188

44,

45.

46.

47.

48.

49.

50.

al,

implementations. J Phys Chem C 114:22659-22670. doi:10.1021/
ipl09756g

Perdew JP, Burke K, Emzerhof M (1996) Generalized gradient
approximation made simple. Phys Rev Lett 77:3865-3868

Car R, Parrinello M (1985) Unified approach for molecular dynamics
and density-functional theory. Phys Rev Lett 55:2471-2474. doi:10.
1103/PhysRevLett.55.2471

Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C,
Ceresoli DL, Chiarotti G, Cococcioni M, Dabo I, Corso AD, de
Gironcoli S, Fabris S, Fratesi G, Gebauer R, Gerstmann U,
Gougoussis C, Kokalj A, Lazzeri M, Martin-Samos L, Marzari N,
Mauri F, Mazzarello R, Paolini S, Pasquarello A, Paulatto L, Sbraccia
C, Scandolo S, Sclauzero G, Seitsonen AP, Smogunov A, Umari P,
Wentzeovitch RM (2009) QUANTUM ESPRESSO: a modular and
open-source software project for quantum simulations of materials. J
Phys Condens Matter 21:395502

Cho MJ, Seo J, Oh HS, Jee H, Kim WJ, Kim KH, Hoang MH, Choi
DH, Prasad PN (2012) Tricyanofuran-based donor—acceptor type
chromophores for bulk heterojunction organic solar cells. Sol
Energy Mater Sol Cells 98:71-77. doi:10.1016/j.s0lmat.2011.09.008
Patel DG, Bastianon NM, Tongwa P, Leger JM, Timofeeva TV,
Bartholomew GP (2011) Modification of nonlinear optical dyes for
dye sensitized solar cells: a new use for a familiar acceptor. J Mater
Chem 21:4242-4250. doi:10.1039/c0jm037 74¢

Perepichka DF, Bryce MR, Perepichka IF, Lyubchik SB, Christensen
CA, Godbert N, Batsanov AS, Levillain E, Mclnnes EJL, Zhao JP
(2002) A (m-extended tetrathiafulvalene)—fluorene conjugate.
Unusual electrochemistry and charge transfer properties: the first
observation of a covalent D2+—0—A-- Redox Statel. ] Am Chem
Soc 124:14227-14238. doi:10.1021/ja0125180

Christensen CA, Batsanov AS, Bryce MR (2006) Extreme con-
formational constraints in r-extended tetrathiafulvalenes: unusual
topologies and redox behavior of doubly and triply bridged
cyclophanes. ] Am Chem Soc 128:10484-10490. doi:10.1021/
ja062358m

Martin N, Sanchez L, Seoane C, Orti E, Viruela PM, Viruela R (1998)
Synthesis, properties, and theoretical characterization of largely -

@ Springer

52

33.

54,

58

56.

57.

58.

59.

60.

extended tetrathiafulvalene derivatives with quinonoid structures. J
Org Chem 63:1268-1279. doi:10.1021/j09719416

Diaz MC, Illescas BM, Martin N, Viruela R, Viruela PM, Orti E,
Brede O, Zilbermann I, Guldi DM (2004) Highly conjugated p-
quinonoid 7-extended tetrathiafulvalene derivatives: a class of highly
distorted electron donors. Chem Eur J 10:2067-2077

Garcia R, Herranz MA, Torres MR, Bouit P-A, Delgado JL, Calbo J,
Viruela PM, Orti E, Martin N (2012) Tuning the electronic properties
of nonplanar exTTF-based push—pull chromophores by aryl substi-
tution. J Org Chem 77:10707-10717. doi:10.1021/jo302047m
Tatay S, Haque SA, O'Regan B, Durrant JR, Verhees WIH, Kroon
IM, Vidal-Ferran A, Gavina P, Palomares E (2007) Kinetic compe-
tition in liquid electrolyte and solid-state cyanine dye sensitized solar
cells. | Mater Chem 17:3037-3044. doi:10.1039/b703750¢

Ehret A, Stuhl L, Spitler MT (2001) Spectral sensitization of TiO2
nanocrystalline electrodes with aggregated cyanine dyes. J Phys
Chem B 105:9960-9965. doi:10.1021/jp011952+

Wang Z-S, Cui Y, Dan-oh Y, Kasada C, Shinpo A, Hara K (2007)
Thiophene-functionalized coumarin dye for efficient dye-sensitized
solar cells: electron lifetime improved by coadsorption of
deoxycholic acid. J Phys Chem C 111:7224-7230. doi:10.1021/
jp067872t

Chen P, Yum JH, Angelis FD, Mosconi E, Fantacei S, Moon S-J,
Baker RH, Ko J, Nazeeruddin MK, Griitzel M (2009) High open-
circuit voltage solid-state dye-sensitized solar cells with organic dye.
Nano Lett 9:2487-2492, doi:10.1021/nl1901246g

Tian H, Yang X, Chen R, Zhang R, Hagfeldt A, Sun L (2008) Effect
of different dye baths and dye-structures on the performance of dye-
sensitized solar cells based on triphenylamine dyes. J Phys Chem C
112:11023-11033. doi:10.1021/jp800953s

Nunzi F, De Angelis F (2010) DFT investigations of formic acid
adsorption on single-wall tio2 nanotubes: effect of the surface curva-
ture. J Phys Chem C 115:2179-2186. doi:10.1021/jp110132k
Riihle S, Greenshtein M, Chen SG, Merson A, Pizem H, Sukenik CS,
Cahen D, Zaban A (2005) Molecular adjustment of the electronic
properties of nanoporous electrodes in dye-sensitized solar cells. J
Phys Chem B 109:18907-18913. doi:10.1021/jp0514123



Efficient Light Harvesters Based on the
10-(1,3-Dithiol-2-ylidene)anthracene Core

ORGANIC
LETTERS

2013
Vol. 15, No. 16
4166-4169

Pierre-Antoine Bouit,' Lourdes Infantes,® Joaquin Calbo,' Rafael Viruela,

Enrique Orti,*' Juan Luis Delgado,*! and Nazario Martin*+

IMDEA-Nanociencia, Ciudad Universitaria de Cantoblanco, 28049 Madrid, Spain,
Instituto de Quimica-Fisica * Rocasolano”, CSIC, 28006 Madrid, Spain, Instituto de
Ciencia Molecular, Universidad de Valencia, 46980 Paterna, Spain, and Departamento
de Quimica Orgdnica, Facultad de Ciencias Quimicas, Universidad Complutense de

Madrid, 28040 Madrid, Spain

Juanluis.delgado@imdea.org; enrigue.orti@uv.es; nazmar@quim.ucm.es

Received July 1, 2013

ABSTRACT

40000 - N\

30000 - /

200004  /

€ (L-mol‘1 -cm")

10000

600 700 800
A (nm)

Three new push—pull chromophores based on the 10-(1,3-dithiol-2-ylidene)anthracene core were synthesized and fully characterized. The new
chromophores display broad absorption spectra, nearly covering the whole visible region, with high extinction coefficients. Electrochemistry and
theoretical calculations allowed the understanding of these singular electronic properties. The molecular structures were unambiguously

confirmed by X-ray diffraction.

Solar energy currently represents one of the most realis-
tic alternatives to the use of fossil fuels. Photovoltaic
devices based on organic compounds (OPV) have experi-
enced tremendous development in the past years,' and
recently efficiencies around 8—10% have been reported.”
One of the crucial points to understanding this improve-
ment is the careful election of suitable organic materials
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able to fulfill some energetic and electronic requirements.
Among these requisites, the ability of the material to
harvest sunlight in a broad range of the visible and NIR
spectrum is essential in order to obtain a suitable photo-
response. In this regard, organic chromophores such as
push—pull systems, displaying outstanding absorption
properties, are promising materials to obtain highly effi-
cient OPV? and hybrid cells.*

In this communication, we report the synthesis and the
optical and electrochemical properties of new push—pull
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molecules based on the 10-(1,3-dithiol-2-ylidene)-
anthracene core (see Scheme S1 in the Supporting Infor-
mation (SI)), absorbing in a broad region of the visible
spectrum. The chemical structures of the new push—pull
materials have been unambiguously confirmed by single-
crystal X-ray diffraction, and their electrochemical and
optical properties have been characterized with the help
of density functional theory (DFT) calculations. Recently,
we have described the preparation of 10-(1,3-dithiol-2-
ylidene)anthracene derivatives for their application in
dye-sensitized solar cells.” Molecular engineering of
this appealing core allows the design of materials with
improved light-harvesting properties. The new dyes
synthesized here bear the same electron-donor unit, the
10-(1,3-dithiol-2-ylidene)anthracene group, but a different
conjugated m-bridge, 3,4-ethylenedioxythiophene (EDOT)
for 6 or phenyl for 4 and 5, as well as two kinds of electro-
accepting units, an ester group for 4 and a dicyanovinylene
group for 5 and 6 (Figure 1).

The synthesis of the key synthon 1, featuring two
terminal alkyne groups (Scheme S1), was carried out in
four steps in good yield.® The conjugated bridges were then
introduced by the Sonogashira cross-coupling reaction
using PACly(PPh;); and Cul as catalysts. The introduction
of the accepting units was achieved by 2-fold Knoevenagel
condensation of aldehydes 2 and 3 with malononitrile,
to afford the new dyes 5 and 6 in good to moderate yields
(75% and 50%, respectively; see the SI). Dye 4, with the
two decyl chains, displays excellent solubility in the main

Figure 1. Push—pull systems 4, 5, and 6.
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organic solvents. The structures of all the new compounds
and the new sensitizers were confirmed by 'H, C NMR,
and high resolution mass spectrometry.

Slow evaporation of chloroform solutions of 2, §, and 6
allowed the obtention of single crystals suitable for its
study by X-ray diffraction (Figures 2 aswellasS10and S11
in the SI).” The compounds adopt the typical butterfly- or
saddle-like shape observed for exTTF (2-[9-(1,3-dithiol-2-
ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole) derivatives.®
The existence of several C—H: .7 and 7+« -7 stacking
interactions plus other weaker C—H---N=C and
C—H-:+S hydrogen bonds led to the formation of supra-
molecular networks of compounds 2, 5, and 6.

Figure 2. (a) X-ray crystal structure of 6. (b) Unit cell.

The molecular geometries of the three push—pull systems
were optimized using DFT calculations at the B3LYP/
6-31G** level (see the SI for computational details). The
decyl chains in 4 were replaced by a simple methyl group to
simplify the calculation. As obtained from X-ray analysis,
theoretical calculations predict concave saddle-like struc-
tures, in which the central ring of the anthracene unit folds
up in a boat conformation and the dithiole rings are tilted
down. The planes defined by the external benzene rings of
the anthracene unit are predicted to form an angle of 40.5°
for 5 and 38.6° for 6 slightly overestimating the angles
obtained by X-ray diffraction (36.2° and 34.5°, respectively)
due to the packing forces present in the crystal that tend to
reduce the folding. The dihedral angles of 35.5° computed
for the dithiole tilting in 5 and 6 nicely fit the X-ray values of
34.2° (5) and 34.1° (6). The same considerations apply for
the tilting of the acceptor moiety (see Table SI in the SI).
The acceptor arms remain mostly planar in all dyes thus
favoring the sr-electron communication along the acceptor
moiety. This planarity is even more pronounced in the
crystal due to the efficient z—x coplanar interactions in
the packing (see Figure 2b and Table S1).

Figure 3 shows the atomic orbital (AQ) composition
of the highest-occupied (HOMO-2 to HOMO) and

(7) CCDC 900353 (2). CCDC 890337 (5), and CCDC 890785 (6)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via http://www.cedc.cam.ac.uk/data_request/cif.

(8) Batsanov, A. S.: Bryce, M. R.; Coffin, M. A.; Green, A.: Hester.
R.E.; Howard, J. A. K_; Lednev, 1. K_; Martin, N.; Moore, A. J.; Moore,
J.N.; Orti, E.; Sdnchez, L.; Savirén, M.; Viruela, P. M.; Viruela, R.; Ye,
T.-Q. Chem.—Eur. J. 1998, 4, 2580-2592.
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Figure 3. Electron-density contours (0.03 ¢ bohr™%) and orbital
energies calculated for the frontier molecular orbitals of 6 at the
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lowest-unoccupied (LUMO to LUMO+2) molecular
orbitals of 6, as a representative example, The HOMO
(—5.10eV) and HOMO—1 (—5.65 eV) are localized on the
electron-donor 10-(1.3-dithiol-2-ylidene)anthracene unit.
hereafter named hemi-exTTF, whereas the HOMO-2
(—6.01 eV) spreads over the electron-acceptor moiety with
no hemi-ex TTF participation. The LUMO (—3.06 eV) and
LUMO++1 (—2.81 eV) are located on the electron-acceptor
arms, and the LUMO+2 (—1.85 eV) comprises both the
hemi-exTTF moiety and the acceptor fragment. Identical
topologies are predicted for the frontier molecular orbitals
of 4 and 5 (see Figure S13). A pronounced stabilization of
the LUMO is predicted in passing from 4 (=246 ¢V) to 5
(—3.01 eV) and 6 (—3.06 eV) due to the higher electro-
negative character of the dicyanovinylene group compared
to the ester unit. The presence of the electron-donor EDOT
fragment in 6 slightly increases the energy of the HOMO
(—5.10eV) compared to 5 (—35.17 eV). Theoretical calcula-
tions therefore predict small HOMO—-LUMO energy gaps
of —2.64, —2.16, and —2.04 eV for 4, 5, and 6, respectively,
and suggest the presence of low-energy charge-transfer
(CT) absorption bands in the electronic spectrum.

The redox properties of 4—6 were examined by cyclic
voltammetry (CV) (Table 1). The anodic region of dye 4 is
characterized by one reversible wave (£°,, = 0.27 V)
attributed to the hemi-exTTF unit, whereas no reduction
is observed in the experimental conditions. The presence of
the stronger electron-accepting dicyanovinylene groups in
5 shifts the reduction potential to —1.31 V, whereas the
oxidation potential is only weakly affected (£°,, = 0.29 V).
This trend nicely correlates with the slight stabilization
of the HOMO (0.07 eV) and the significant stabilization
of the LUMO (0.55 eV) predicted by theoretical calulations
in passing from 4 to 5 (Figure S13). The presence of the
auxiliary electron-donor EDOT groups in 6 slightly reduces
the oxidation (£°,, = 0.25 V) and reduction (£°q =
—1.26 V) potentials. CV measurements therefore obtain
a decrease of the electrochemical gap along the series 4

4168

(>2.07V),5(1.60 V), and 6 (1.51 V), which is in perfect
agreement with theoretical predictions and with the trend
observed from optical data (see below).

Table 1. Electrochemical and Optical Data for 4—6

Eoox B B Amax e
compd  (Vf wr VP (nm)*  (L-mol™t-cm™)

4 027 <-1.80 >2.07 491 19000
5 0.29 -1.31 1.60 536 14 000
6 0.25 -1.26 1.51 590 19000

“Measured by CV (CH;CN, 0.1 M BuyClOy, v = 100mV-s~', Vs
Ag/AgNO3).  Electrochemical gap determined as E,, — Eeq. ¢ Measured
in DCM, 10 °mol-L ".

The absorption properties of compounds 4—6 were
measured in dichloromethane solution (Figure 4a). 4 dis-
plays two main absorption bands in the UV and visible
range (A, = 364 nm; A, = 491 nm). Both transitions
are red-shifted, first when a better acceptor is inserted in
the molecule (5, A, = 366 nm; 4> = 536 nm), then with the
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Figure 4. (a) Absorption spectra of 4 (red), 5 (blue), and 6 (green)
recorded in dichloromethane at room temperature. (b) Theo-
retical simulation of the UV-—vis absorption spectra for
push—pull compounds 4—6. Vertical lines indicate the vertical
excitation energies and oscillator strengths calculated for the
electronic transitions to the different singlet excited states S,,.
States Sy to Ss are explicitly denoted for compound 6.
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presence of the EDOT units (6,4, = 443nm; 4, = 590 nm).
As expected, a decrease of the optical band gap is observed
when the push—pull effect in the compound is reinforced.

To investigate the nature of the electronic transitions
that give rise to the absorption bands observed in the
electronic spectra, the lowest-energy singlet excited states
(S,) were calculated for 4—6 using the time-dependent
DFT (TD-DFT) approach. TD-DFT calculations predict
that the lowest-energy absorption band observed for 5 and
6 above 500 nm is due to electronic transitions to the first
two excited singlets S; and S; (see Table 52 and Figure 4b).
These states originate from the HOMO—LUMO and
HOMO—LUMO+1 monoexcitations, respectively, and
imply an electron density transfer from the hemi-exTTF
moiety, where the HOMO resides, to the acceptor moiety,
where the LUMO and LUMO-+1 are mainly located
(Figure 3). In compound 4, S, stands higher in energy
(2.89 eV) due to the higher energy of the LUMO-1
(Figure S13) and does not contribute to the lowest-energy
band at 491 nm (Figure 4b). Calculations therefore con-
firm the CT nature of the lowest-energy absorption band
of 4—6. The moderately high intensities observed for this
band are in agreement with the oscillator strengths (/)
around 0.4—0.5 calculated for S; and S; (Table S2) and
are due to the significant overlap between the HOMO and
the LUMO/LUMO+1.

The intense absorption band observed at higher energies
mainly results from the HOMO—-2—LUMO excitation
(state Sg for 5 and Ss for 6, Table S2 and Figure 4b), which
mainly implies the electron-acceptor part of the molecule
(Figure 3). This electronic transition is predicted to have
a high intensity (/= 1.00) and shifts to lower energies in
passing from 5 to 6 due to the EDOT groups that desta-
bilize the HOMO-2 from —6.46 (5) to —6.01 eV (6). For
compound 4, the transition is calculated to show a lower
intensity (f = 0.33) in good agreement with the experi-
mental spectra (Figure 4a). The HOMO—LUMO+2
excitation involving the hemi-exTTF moiety and the
CT HOMO—1—LUMO and HOMO-1—LUMO+1 ex-
citations also contribute to this intense absorption band
(Table S2).

Org. Lett, Vol. 15, No. 18, 2013

In summary, a new family of anthracene-based chromo-
phores has been synthesized and fully characterized. The
new dyes capture light in a broad range of the solar
spectrum, compound 6 being the best light-harvesting
chromophore, absorbing in the UV and visible spectrum
(from 300 to 750 nm). The outstanding absorption proper-
ties stem from the efficient electronic communication
between the donor and acceptor moieties, giving rise to
very intense charge-transfer bands. The remarkable elec-
tronic and optical properties exhibited by the new com-
pounds make them promising materials for their further
incorporation in molecular solar cells.”'
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Computational modeling of single- versus
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We present a first-principles DFT investigation of the adsorption geometry on the anatase (101) surface of a
prototypical di-branched organic dye based on the extended tetrathiafulvalene moiety, incorporating two
anchoring cyanoacrylic acid units. Reduced model systems with one and two anchoring groups have been
initially studied to investigate the vibrational frequencies related to TiO, dye adsorption. Our calculations confirm
that the reduced systems can be used as reliable models to study the anchoring modes and that the
conclusions extracted from the reduced systems can be extrapolated to the entire molecule. A series of
molecular structures have been investigated to simulate the anchoring environment in monodentate- and
bidentate-like adsorption modes. The comparison between the theoretical results and the available experimental
data suggests a di-anchored monodentate adsorption mode as the most probable adsorption structure.
Geometry optimizations of the di-branched model system adsorbed on a periodic slab of anatase (101) allowed
us to compare the relative stability of different adsorption conformations and led to a di-anchored monodentate
mode as the most stable adsorption structure. Furthermore, ab initio molecular dynamics simulations confirmed
this structure as the preferred one, providing additional stabilization by effective hydrogen-bonding to surface
oxygens and structure distortion from planarity. The analysis of the partial density of states for the prototypical
models confirms that the doubly anchored adsorption provides improved electronic properties compared to the
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1. Introduction

Dye-sensitized solar cells (DSCs) have attracted increasing
attention in the last decade as promising alternatives to the
traditional silicon-based photovoltaics." ® In these devices, a dye-
sensitizer absorbs the solar radiation and the photoexcited
electron is transferred to the conduction band (CB) of a semi-
conductor, typically TiO, nanoparticles. Then, a redox mediator,
commonly based on the iodide/triiodide couple, regenerates the
oxidized dye thus completing the circuit.

“Instituto de Ciencia Molecular, Universidad de Valencia, 46980 Paterna, Spain.
E-mail: enrigue.orti@uv.es
» Computational Laboratory for Hybrid Organic Photovoltaics (CLHYO),
Istituto CNR di Scienze e Tecnologie Molecolari, via Elce di Sotto 8, I-06123,
Perugia, Italy. E-mail: chiara@thch.unipg.it, filippo@thch.unipg.it
t Electronic supplementary information (ESI) available: Chemical structures of
several di-branched dyes; calculated B3LYP and PBEO IR spectra in the gas phase
and in acetonitrile solution for compound 1; calculated bond distances for the
different models of 1; PBEO infrared frequencies of the main vibrational modes
present in the dye@semiconductor system; electrostatic potential averages plots;
and PDOS for 2@Ti0,. See DOI: 10.1039/c3cp54970d
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singly anchored structures for dye-sensitized solar cell purposes.

Since the discovery of the highly efficient Ru(u)-based complexes,
such as N3 and N719 dyes,™" much effort has been made to
synthesize new and more efficient push-pull organic dyes, due
to their lower-cost synthesis, tunable optical properties and
environmental friendliness.*® However, few organic dyes with
the standard I"/I;™ electrolyte show efficiencies that can directly
compete with those of the most prominent Ru complexes.””
Organic dyes in conjunction with monoelectronic metallorganic
redox couples, such as Co(u)/Co(ir) complexes, usually showing
simpler kinetics and requiring less dye regeneration over-
potentials, have led to efficiencies exceeding those of Ru(n)-based
sensitizers.""

First-principles computer simulations have been shown to
successfully provide new insights into the structural, electronic
and optical properties of the hybrid dye/semiconductor interface
in DSCs," in particular providing crucial information on the
preferred adsorption modes of the dye onto the semiconductor
surface.'™"” In previous work, some of us demonstrated that the
highly efficient N719 exploits three of its four carboxylic acid
anchoring groups in the linkage to the semiconductor surface.'®'?
This coordination through three carboxylic acids provides not

Phys. Chem. Chemn. Phys., 2014, 16, 4709-4719 | 4709
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only high stability to the device, but also high open-circuit
voltage (Voc) and efficient electron injection. Thus, the design
of new purely organic dyes bearing more than one anchoring
group appears to be the next natural step.

In this perspective, several di-anchoring dyes have been very
recently synthesized and characterized providing a general
improvement in the photovoltaic performance compared to the
single-anchoring homologues. Some examples of these novel
di-branched dyes are the Zn-based porphyrin ZnPDCA dye,*” and
triarylamino-based absorbers such as KS-5,*' DB-1 and DB-2*
(see Scheme S1 in the ESIV for chemical structures). These
dyes provided not only much higher short-circuit photocurrent
densities (/sc) and slightly higher Vo than the single-branched
homologues, but also improved and red-shifted incident photon-
to-current efficiencies (IPCEs).

In the context of organic sensitizers, a number of push-pull
m-extended tetrathiafulvalene (exTTF)-based systems (exTTF
stands for 2-[9-(1,3-dithiol-2-ylidene)anthracen-10(9H)-ylidene]-
1,3-dithiole) have emerged as novel promising dyes, which
absorb light in a wide range of the UV-Vis and NIR spectrum.”?
This is mainly due to the improved donor ability of the exTTF
unit, which produces a notable increase in the energy of the
highest-occupied molecular orbital (HOMO). Encouraged by
these results, two new di-anchoring dyes containing the exT'TF-
related donor unit 10-(1,3-dithiol-2-ylidene)anthracene®* have
been synthesized.?® The only difference between these two novel
dyes relies on the n-spacer separating the donor unit and the
anchoring cyanoacrylic acid group: a simple benzene ring for A
and the 3,4-ethylenedioxythiophene (EDOT) unit for B (Fig. 1).
The use of EDOT spacers has been inspired by previous work,
where the EDOT was shown to yield a red-shift in the spectro-
scopic response and an enhancement of the molar extinction
coefficient in triphenylamine and exTTF-based sensitizers.>*%**
However, the lower performance of B in the device, in line with
previous findings, suggests fast recombination processes as a
consequence of L,~EDOT interactions that do not occur in A.*®
From the FTIR spectra recorded for A and B, a di-anchoring
adsorption mode on the TiO, surface was found on the basis of

1

Fig.1 Dyes A and B and the two size-reduced systems, with one (1) and
two (2) anchoring groups, used as models of dye A.
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Fig. 2 Graphical representation of the three main carboxylic/carboxylate
binding modes in DSCs: two different monodentate (M1 and M2) and cne
bridged bidentate (BB) adsorptions.

the disappearance of the stretching vibration of the carbonyl
group at around 1700 em™ ' in passing from the powder spectra
to the dye-adsorbed spectra.”® However, the adsorption mode of
each anchoring group to the semiconductor surface is much
more difficult to determine.

We recall that the anchoring mechanism of a carboxylic-
based dye onto the TiO, surface can be simplified by the different
coordination modes of the carboxylic acid/carboxylate unit
(COOH/COO ) to the metal ions.*” Thus, it is possible to
differentiate between three anchoring modes: monodentate
(M), chelated (CB) and bridged bidentate (BB). Among them,
the monodentate and especially the bridged bidentate modes
displayed in Fig. 2 are the most common modes found in the
field of organic sensitizers attached to the TiO, anatase (101)
surface.'®®* In the case of the monodentate, two binding
modes, M1 and M2, are distinguishable due to the oxygen atom
(04 or O3, respectively) to which the carboxylic hydrogen is
linked.? A distinction between the monodentate and bidentate
modes can be obtained by means of the empirical rule derived
by Deacon and Philips, which correlates the difference between
the asymmetric and symmetric stretching wavenumbers (Auv,g)
of COO™ to the type of coordination.’® In broad terms, a
measurement of Av, close or smaller than the reference value
for the neat salt (usually about 200 cm ') indicates a bridged
bidentate coordination, whereas a value of Av, larger than the
reference value is related to a monodentate adsorption. Experi-
mentally, the identification of the symmetric and asymmetric
stretching COO  frequencies is only feasible for simple acids, due
to the overlap of new and intense bands in the 1400-1600 cm ™"
region occurring for aromatic and conjugated systems. For the
two novel di-branched sensitizers A and B, a value of Av,g =
220-260 cm ™! was preliminarily proposed thus sitting at the
edge of a possible assignment.

In this contribution, we theoretically investigate the relative
stabilities of the different anchoring modes for sensitizer A. First,
a comprehensive determination of the vibrational features of the
sensitizer by varying the nature of the carboxylic anchorage
allows for the understanding on how the anchorage of the dye
to the TiO, surface modifies the fundamental frequencies of the
carboxylic/carboxylate group. The theoretical characterization of
the typical vibrational modes in a dye@TiO,-like system enables
us to unequivocally assign the symmetric and asymmetric CO
modes in the available experimental FTIR spectrum. In a second
step, a reduced model system of A is used to compare the relative

This journal is © the Owner Societies 2014
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stabilities of the different considered anchoring modes. The
geometry of all the systems is carefully examined and a long
ab initio molecular dynamics is carried out for the conformer
with the most stable adsorption mode. Finally, the role of the
adsorption topology in influencing the electronic properties of
the system is discussed on the basis of a detailed analysis of the
density-of-states profiles. To our knowledge, this study represents
the first investigation of the anchoring mode for a di-branched
organic dye, opening the way to a full exploitation of this class of
potential highly efficient dyes.

2. Methodology

To limit the computational cost, two simpler models of dye A
incorporating one and two cyanoacrylic acid groups (compounds
1 and 2, respectively, in Fig. 1) were used. Density functional
theory (DFT) calculations were performed at the B3LYP/6-31G*
level,**” in conjunction with the polarizable continuum model
(PCM)*** approach using acetonitrile as solvent. The vibrational
frequencies obtained were corrected according to the vibrational
scaling factor of 0.960 reported in the literature.'™™" Geometry
optimizations and frequency calculations for the systems under
study were carried out using the Gaussian 09 program package
(version C.01)."*

To model the adsorption of the dye to the anatase (101) surface,
a periodic slab of (TiO,), with n = 64 was employed, being large
enough to accommodate the dye in a di-branched monodentate
mode. It has been recently shown that TiO, anatase slabs of
thickness similar to our modeled slab (two-layer fashion) nicely
reproduce the electronic structure of thicker films.** Because of the
molecular rigidity of the dye, a transversal analogue with n =72 was
necessary to allow a di-anchoring bridged bidentate mode. The
other possible adsorption modes were modeled using the n = 64
slab to reduce the computational cost, still maintaining the relia-
bility of the results. The energy difference between the n = 64 and
n =72 periodic slabs was used to rescale the absolute energy of the
investigated configurations in order to compare the relative stability
computed on different-sized slabs.

Periodic calculations were performed using DFT within the
generalized gradient approximation (GGA) by means of the PBE
exchange-correlation functional.*® The Car-Parrinello (CP)
algorithm?” was employed as implemented in the Quantum-
Espresso 5.0 package’ for both geometry optimizations and
ab initio dynamics simulations. Electron-ion interactions were
described by ultrasoft pseudopotentials with electrons from O,
N and C 2s, 2p, H 1s, and Ti 3s, 3p, 3d, 4s shells explicitly
included in the calculations. Plane-wave basis set cutoffs for the
smooth part of the wave functions and the augmented density
were 25 and 200 Ry, respectively. The dye molecules were
adsorbed only on one side of the slab and the vacuum between
the top of the molecule and the adjacent upper slab was ~6 A
for the largest extended single-anchored conformer. Molecular
dynamics simulations were carried out with an integration time
step of 10 au for a total of ca. 3 ps. The fictitious mass used for
the electronic degrees of freedom is 1000 au, and the atomic
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masses for the different elements were set to 5 amu. This set-up
allows us to achieve a fast equilibration of the system and to
speed-up the Car-Parrinello dynamics. A randomization of the
atomic positions was used to increase the potential energy and
raise the temperature of the system over 150 degrees. Afterwards, a
Nose-Hoover thermostat was applied to increase and maintain the
temperature between 300 and 350 degrees. Using the optimized
geometries for the different adsorption modes, electronic structure
calculations were also performed to obtain the projected density-of-
states (PDOS) profiles. The contribution to the total DOS for the
lowest-unoccupied molecular orbital (LUMO) of each branch in
2@TiO, was separated and the interaction between the dye and the
semiconductor was analyzed following the Newns-Anderson
model.*”*® The normalized contribution, p;, to the PDOS relative
to the dye’s LUMO is defined as the portion of the y; molecular
orbital located on the sensitizer, evaluable by the relation:

)
Pi= i @

(4)

J:

where cf} values are the expansion coefficients when 1 is expressed
as a linear combination of n atomic orbitals centered on atom A.

To ensure that the PDOS belongs to the sensitizer’s LUMO
we selected a number of abduct orbitals so that the > p; ~ 1
Since there are two nearly degenerate LUMOs due to the
presence of two branches in the 2@TiO, system, only the
contribution to the DOS of the branch “better” linked to
the semiconductor surface was taken into account for the
fitting. The center of this distribution corresponds to the
energy of the LUMO of the dye adsorbed on TiO,, Ejymolads),
and it can be calculated as

Erumo(ads) = ZP."T.' (2)

where ¢; values are the orbital energies of the combined system
for the selected energy range. The LUMO broadening has been
then obtained as a mean deviation of a distribution centered at
the Epymolads):

hi = Z}’h‘i&ﬁ — Erumo(ads)| (3)

The energetic distribution of the LUMO for the dye adsorbed on
the TiO, has been fitted using a Lorentzian function:

©

2
(E — Erumo (ads))z—o- (J%F)

(4)

1
PLumol(E) = p

In this model, the LUMO broadening gives a direct estimation
of the electron-transfer time by the relation:

658

T = I'(meV)

(5)
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3. Results and discussion
3.1. Molecular calculations: simple models

To evaluate the possibility of reducing the molecular size of the dye
to study the adsorption mode on the semiconductor, frequency
calculations were first performed at the B3LYP/6-31G* level for the
entire dye under study (A) and for the two size-reduced molecular
models 1 and 2, which incorporate one and two anchoring groups,
respectively (see Fig. 1). The 10-1,3-dithiol-2-ylidene)anthracene
moiety, the donor part of dye A, is fully suppressed in 1 and 2.
These preliminary calculations allow us to assess how the
vibrational modes that characterize the anchoring region evolve
in passing from the reduced systems to the entire molecule. The
vibrational frequencies calculated for 1 and 2 are compared to
those obtained for A in Fig. 3.

An overall correspondence is found for the vibrational modes
calculated in the 1000-1800 cm ™ range, which increase in intensity
passing from 1 to 2 and to A (Fig. 3). The peak above 1700 cm "
corresponds to the C—O stretching mode and the intense transition
around 1570 cm™* is associated with a C=C stretching. For A, a
relative intense transition is computed at 1480-1500 cm™ * which
corresponds to C—C stretching modes in the donor moiety. Less
intense bands can be found for 1, 2 and A in the 1400-1500 cm ™"
region which are assigned to aromatic G-C-H bendings. The peak
computed at 1340 em ' results from the intense stretching of
the C-OH bond plus some weaker aromatic C-C-H bending modes.
A low intense transition appears for A at around 1260 cm™" that
corresponds to C-C-H bendings of the anthracene part. Finally, the
high-intense peak at 1140 cm ' is due to the C-O-H bending.
Therefore, the characteristic modes of the carboxylic group in the IR
speetrum are repeated along the series of compounds 1, 2 and A in
their neutral form. The same behavior is expected for different
anchoring modes, so that it is possible to extrapolate the vibrational
properties of A in a particular adsorption mode from those of 1,
except for some low-intense transitions that are associated with
the donor moiety.

To investigate the adsorption coordination of compound 1
onto the TiO, surface, six possible structural environments
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Fig. 3 IR spectra computed for the neutral species of system A and
subsystems 1 and 2.
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Fig. 4 Optimized geometries of compound 1 in different structural environ-
ments. Atom colors: C in green, O in red, H in white, N in blue and Ti in grey.

were modeled taking into account the nature of the carboxylic
group: neutral (1a), anion (1b), linked to a Ti,O,H, cluster in
BB- (1¢) and M2-like (1d) adsorption modes, linked to a TizO40Hs
cluster in an M1-like coordination (1e) and as a dimer (1f). The
comparison of the frequencies calculated for these structures allows
the determination of general trends for the IR bands associated
with the COOH/COO group in passing from the isolated system
(1a and 1b) through a monodentate linkage (1d and 1e) to a
bidentate-like (1¢) mode. The optimized structures computed in
the gas phase for structures 1a-1f are shown in Fig. 4.

The main differences concerning the vibration modes of the
anchoring group between systems 1a-1f are found in the 1000-
1800 and 3000-3600 cm * regions (see Fig. S1 in the ESI+ for the
1000-1800 em ™" region). The O-H stretching appears beyond
3500 em ™, except for 1b, and it drops around 500 em™" in 1d,
1e and 1f due to the formation of hydrogen bonds. As far as
CO characteristic modes are concerned, the symmetric and
asymmetric stretching of the COOH/COO™ group are fairly
intense in the IR spectrum and their position, as stated in the
introduction, represents an indication of the anchoring topology.
The symmetric stretching is predicted in the 1250-1450 cm ™ *
region and there is no clear trend passing from monodentate- to
bidentate-like anchorages (Table 1). The asymmetric stretching

Table 1 Infrared frequencies (in cm™Y calculated for the main vibrational
modes of structures la—1f at the B3LYP/6-31G* level of theory (gas phase),
and obtained from the experimental IR spectra of dye A as a powder and

adsorbed onto TiOs

System COasymm COsymm C=C C-C-H Aw*
ia 1750 1340 1570 1340 410
1b 1710 1260 1590 1330 450
1c 1550 1390 1590 1350 150
1d 1650 1440 1570 1360 210
1le 1660 1400 1570 1360 260
1f 1700 1420 1570 1360 280
Exp. A ]:DCNVCIE['!J 1710 1420 1590 1350 290
Exp. A@DTiO),lﬁ 1620 1390 1590 1350 230

® Avgs = 1{CO asymm) - »(CO symm). ? IR spectra from ref. 25.
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is computed at larger wavenumbers, in the 1550-1750 em ™"
region. Calculations indicate that the more monodentate char-
acter of the linkage, the higher the energy of the asymmetric
mode. This leads to a Ar,s > 200 cm~' for monodentate
coordinations (1d and 1e) whereas a value below 200 cm ™' is
obtained for the bidentate anchorage (1¢). Intense vibrational
transitions associated with the aromatic backbone of the dye
grow in the same region as the CO stretchings and constitute a
difficulty in the correct experimental assignation of the sym-
metric and asymmetric CO modes. C=C stretchings are com-
puted around at 1550-1600 cm * and can compete in intensity
and position with the asymmetric CO stretching, especially
for the bidentate coordinations (see Table 1). Moreover, an
aromatic C-C-H bending mode is predicted at around 1350 cm™*
and its position is well preserved over all the models. This
vibration may overlap the symmetric CO stretching in both
monodentate- and bidentate-like anchoring environments, but
it is computed at lower energies in all cases except for the non-
representative 1b. Theoretical frequency calculations therefore
allow the unequivocal assignation of the characteristic CO
modes in the experimental IR spectrum reported by Bouit
et al.,*® leading to the values shown in Table 1 for A as a
powder and adsorbed on TiO,. The theoretical frequencies
calculated for 1f nicely fit the experimental data for the dye
as a powder suggesting that the dye forms dimers in the powder
as occurs in other cyanoacrylic acid-based compounds.” The
experimental value of Ay, = 290 em ! inferred for the dye as a
powder compared to the 280 cm ' value predicted for 1f
supports this assumption. In turn, vibrational assignation of
the A@TiO, modes opens the door to more than one model.
The experimental value of Av,, = 230 em ™! resulting from the
theoretical assignment suggests that monodentate coordina-
tions (Av,s of 210 and 260 em™* for 1d and 1e, respectively) are
more likely to provide the real coordination in the A@TiO,
system than a bidentate adsorption mode (1¢, vy = 150 em ™).
Moreover, a better match of the CO symmetric mode calculated
for 1e (1400 em™') with the corresponding A@TiO, mode
(1390 em™') points to the M1 adsorption as the more likely
coordination mode.

A parallel series of calculations was also performed using
the PBEO functional and the scaled results (scaling factor of
0.986) were almost identical to the B3LYP calculations (Fig. S2,
ESIT). Therefore, no qualitative or quantitative difference upon
changing the functional for the analysis of the vibrational modes in
our systems is expected. PCM calculations in acetonitrile solution
were also performed showing the same qualitative trends with a
general increase in intensity for the CO and C—C stretching
transitions (Fig. S3 and S4, ESI}).

3.2. Periodic calculations

(a) Geometry analysis. Having established the relationship
between the characteristic normal modes of the COOH/COO ™
group and its environment, we can now move to model the
di-branched system 2 (Fig. 1) anchored to the anatase (101)
surface. Four single-anchored adsorption configurations,
i.e. three monodentate (M1, M2 and MN) and one bidentate (BB)
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Fig. 5 Adsorption conformations modeled for system 2. M1-M1(before)

and Ml-Mllafter) correspond to minimum-energy conformations
optimized before and after the ab initio molecular dynamics simulation.

structures, and two di-anchored conformations, i.e. one mono-
dentate (M1-M1) and one bidentate (BB-BB) structures, were
considered (Fig. 5). All the conformations were fully optimized
using the Car-Parrinello algorithm and the most relevant
geometrical parameters are given in Table 2. The M1-M1
conformation was optimized before and after running a long
ab initio molecular dynamics simulation (termed M1-M1(before)
and M1-M1(after) in Fig. 5).

Among the single-anchored systems, it is worth differentiating
between the monodentate and the bidentate systems: while in
the M1, M2 and MN adsorptions a different length is calculated
for the C-0, and C-0, bonds, in the BB adsorption the situation
is completely symmetric (Table 2). M1 and M2 only differ in the

Table 2 Selected bond distances (in A) for the different conformations of
2@TiO;

Ti-04
Structure (Ti,-0,) C-0, C-0, 0,-H H---0y, N-Ti, N-H
M1 2.248 1.249 1.321 1.030 1.546 = o
M2 2.239 1.250 1.333 1.019 1.687 — —
MN 2,129 1.231 1.347 0,983 — 2.616 —
BB 2.157 (2.254) 1.285 1.285 — 0.980 — =
Ml—Ml(befr)re)" 2.364 1.237 1.346 0.988 2.335 = =
2.228 1.242 1.343 0.986 3.202 = =
M1-Mi(after)* 2.256 1.245 1.331 1.012 1.731 —  —
2.171 1.251 1.334 1.003 1.889 — —
BB-BB(1)* 2.152 (2.317) 1.289 1.287 —  0.976 — —
2,713 [2.862] 1.225 1.366 0.988 2.160 —_ 2.448
BB-BB(2)" 2.127 (2.116) 1.282 1.298 — 0974 — —
2.626 (2.074) 1.254 1.319 — 0,978 — —

“ values corresponding to each anchoring branch of 2 are given in
different rows.
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oxygen type (O, and O, respectively) to which the carboxylic
acid is H-bonded. The shorter value calculated for the bond
length between the carboxylic hydrogen and the 0,/0, atoms
(H: - -Og4) suggests a stronger hydrogen bond interaction in the
case of M1. In both cases, the hydrogen is retained by the
carboxylate group and it is not transferred to the TiO, surface.
A recent work has demonstrated that the inclusion of solvent
effects slightly modifies the H-transfer scenario: more polar
solvents favor the H-transfer to the semiconductor.>® The MN
structure was included in the analysis because here it competes
in energy with M1 and M2 (vide infra), although it is usually
computed higher in energy.'®'®!%31:33:1552°63 A¢ shown in
Table 2, this conformation presents a relatively small N-Ti
distance of 2.62 A, which contributes to the relative stabilization
of the adsorption mode. A comparison of the relative energies for
the different adsorption modes will be discussed below.

The doubly anchored conformations deserve particular
attention since, in line with previous findings on di-branched
dyes,”> the experimental FTIR spectra suggest that our
di-branched dye is attached to the TiO, surface by means of
both anchoring groups.* In the optimized M1-M1(after), the
C-0,; bond lengthens and the C-0, bond shortens compared to
M1-M1(before), thus the carboxylate group attains a more
symmetric disposition. This is due to the formation of a
hydrogen bond with the O, as a consequence of the rearrange-
ment of the molecule after the dynamics. The H. - .05, distance
shortens in passing from M1-M1(before) to M1-M1(after) clearly
pointing to the formation of a hydrogen bond. Moreover, the
distortion from planarity to form the H-bond suggests that the
energy stabilization due to the formation of the H-bond is
much higher than the energy destabilization due to the partial
breaking of planarity. The longer H---Og, distance predicted
for M1-M1(after) compared to M1 and M2 is a signal of the
geometrical constraints that M1-M1 suffers to be anchored
adequately by its two cyanoacrylic acid groups forming two
stabilizing H-bonds. Fig. 6 displays the evolution of the O,-H
and H --0,, distances over time during the CP molecular
dynamics. As shown, the temperature is high enough to break
and form again the bonds involving the carboxylic hydrogen,
thus giving flexibility to the system to explore a huge zone of the
potential energy surface. At around 1.25-1.50 ps, the H:- Oz

Bond distance (A)

time (ps)

Fig. 6 Time evoluticn of the characteristic O,—H and H---O3z;4 bond
distances during the Car—Parrinello molecular dynamics simulation
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distance presents large values indicating a breaking of the
H-bond (Fig. 6), whercas at 0.75 and 2.30 ps, the shorter
distance predicted for H- - -0, than for O,-H suggests a proton
transfer from the carboxylic acid to the semiconductor oxygen.
The exploration of the possible conformations of the di-branched
dye therefore shows that, on average, the M1-M1 adsorption
structure is the most visited disposition.

An additional geometrical distortion from planarity has to
be made in order to obtain the BB-BB adsorption conforma-
tion, in which the dye is lying along the semiconductor surface.
To generate this conformation, the two anchoring branches of
the molecule need to adopt a perpendicular orientation with
respect to the central C=CH, unit and lose the m-connection
between them (see Fig. 5). Depending on the position of
the carboxylic hydrogen of one branch in the semiconductor
surface, we distinguish two clearly different situations: BB-BB(1),
where the H is kept bonded to the anchoring group of the dye,
and BB-BB(2), where the H is displaced to be linked to a further
0, of the semiconductor. Whereas distance parameters are
mostly equal in the purely BB branch for both situations, a
significant difference is observed in the other branch where a
competition between an M1 and a BB mode appears due to the
relative position of the hydrogen atom (Table 2). In BB-BB(1),
the H remains linked to the carboxylic acid and forms a kind of
double H-bond with the N atom of the cyano group (N-H distance:
2.448 A) and the O, atom (H.--O,, distance: 2.16 A). This
mode possesses an asymmetric situation for the C-O bonds
(1.225 and 1.366 A) resembling a monodentate mode. For
BB-BB(2), both anchoring groups provide a BB chelation but
while one group is well bonded to the surface (2.127 and 2.116 A
for Ti-O distances), the other group has only a strong interaction
through one oxygen (2.626 and 2.074 A for Ti-O distances) due to
the rigidity of the system.

(b) Relative stabilities. To shed light on the energetics of
the different possible structures for the combined dye@TiO,
system, we calculated the relative energy of the modeled
conformations with different adsorption modes (Table 3) using
the Car-Parrinello optimized geometries. Two different periodic
slabs were used to model the conformations here compared,
and the energies between conformations held on different
slabs have been related through the energy difference between
the two isolated TiO, slabs. The reliability of this approach was
confirmed by calculating the same conformation (structure M1)
on the two (TiO,), slabs (n = 64 and 72). The energy difference

Table 3 Relative stabilities of the modeled adsorption conformations for
2@Tio,

Structure Relative energy (keal mol ')
M1 4.98
M2 3.70
MN 9.70
BB 14.16
M1-M1(before) 0.00
M1-M1(after) —9.39
BB-BB(1) 30.27
BB-BB(2) 38.55

This journal is © the Owner Societies 2014



Published on 13 January 2014. Downloaded by Universitat de Valencia on 18/12/2015 10:13:55.

PCCP

obtained between the two calculations using the energy difference
between the isolated slabs was as small as 0.30 keal mol ™",

The energy calculated for the M1-M1(before) structure is
taken as a reference. Among the four single-anchored confor-
mations, M2 is calculated to be the most stable adsorption
mode, with the M1 structure being quite close in energy
(1.28 kecal mol ). However, taking into account the spatial
arrangement of the COOH groups (Fig. 5), a di-anchored M2-M2
conformation is not feasible due to the geometric rigidity of
the dye and it was therefore not modeled. The MN adsorption
mode also gives a relatively small energy and is found to be
6.00 keal mol " less stable than M2. The bridging bidentate (BB)
mode is computed to be more than 10 keal mol ' higher in
energy than M2, in good agreement with previous theoretical
studies employing Car-Parrinello calculations using periodic
boundary conditions.'”** Moving to the di-anchoring conforma-
tions, M1-M1(before) stands much more stable than BB-BB
(30 keal mol™?). Furthermore, after the molecular dynamics
simulation and the corresponding reoptimization procedure,
M1-Mi(after) gains an extra stabilization of more than 9 kcal
mol ' compared to M1-M1(before). This additional stability is a
consequence of the formation of two H-bonds upon deformation
of the dye structure from planarity. BB-BB(1) and BB-BB(2)
therefore lie much higher in energy than M1-M1. In fact, the
di-anchored BB structures are less stable than the single-
anchored BB conformation by more than 15 keal mol™'. This
huge destabilization is due to the inefficient bond interactions
caused by the rigid structure of the dye, the fixed topology of the
TiO, surface and the additional n-conjugation breaking experi-
enced by the dye to adopt the di-anchored BB structures.
In passing from M1 to M1-M1(after) a stabilization of around
14 keal mol ' is obtained for the di-anchored conformation,
which mostly corresponds to the energy gain associated with the
anchorage of a carboxylic acid group to the anatase (101) surface
(~18.5 keal mol").** Based on the present calculations, which
might however overstabilize the monodentate anchoring, dye A
is therefore found to adsorb on the TiO, surface in a di-anchored
monodentate M1-M1 manner in good agreement with experi-
mental suggestions based on IR spectra.?®

(c) Electronic structure. To gain insight into the influence
of the anchoring process on the electronic features of the final
DSC device, we studied the density of states (DOS) for both the
bare periodic slab and the dye@TiO, models using the PBE
functional. Calculations were performed on the M1, M1-M1,
BB and BB-BB structures optimized for 2, which should provide
a reliable description of the adsorbed systems because it contains
both anchoring groups at the relative distance they have in the
entire dye. Special attention must be paid to the relative energy
position of the conduction band and the LUMO, whereas no
concluding remarks should be taken from the valence band
(VB) and the HOMO positions due to the lack of the donor
moiety in model 2. The presence of the donor moiety might
also influence the CB position because it modulates the charge
transfer (CT) in the ground state to the semiconductor as
recently proved.®® However, since theoretical calculations
demonstrated negligible donor-acceptor CT in the ground state
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Fig. 7 Projected density of states (PDOS) calculated for the M1, M1-M1,
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for the isolated compounds A and B,*® and we are interested in
relative changes for the different adsorption modes in the same
system, no special concern has been shown to include the
donor moiety. The absolute energy of the bands in the DOS
diagram was calculated by referring the Kohn-Sham eigenva-
lues to the vacuum level, as determined from the value of the
electrostatic potential in the vacuum region of the supercell.
Electrostatic potentials along the direction normal to the
surface for the dye-sensitized TiO, slab are included in the
ESI+ (Fig. S5 and S6).

Fig. 7 shows the projected density of states (PDOS) decom-
position of the total DOS to highlight the role of the adsorption
mode in the energy level distribution, and Table 4 collects the
most relevant energy data. A band gap of 2.6 eV is computed for
both bare model slabs, which is slightly underestimated compared
to the experimental value of ~ 3.0 eV reported elsewhere.®>®” This
result evidences the well-established shortcoming of standard
DFT calculations leading to the underestimation of the band
gap in semiconductors.®®

Single-anchoring modes such as M1 and BB maintain
unchanged the position of the CB in the bare slab (—4.9 eV),

Table 4 Energy (eV) for the main bands close to the Fermi level obtained
from the periodic calculations

SLAB1 M1 M1-M1  SLAB2 BB BB-BB
LUMO(1)* — —-41  -4.2 — -3.8 -3.6
LUMO(2)* — —4.0 —41 £ —3.8 —41
CB —49 —4.9  —47 —4.9 —49 46
VB -7.5 -75 -7.4 7.5 -75 7.2
Band gap 2.6 2.6 2.7 2.6 2.6 2.6
LUMO-CB® — 0.8 0.5 — 1.4, 1.0

“ LUMO(1) and LUMO(2) refer to the PDOS contribution to the total
DOS for the better-anchored branch and the worse- or non-anchored
branch of 2 in the 2@TiO, system, respectively. * The LUMO(1) is used
in the difference since it is the one which most participates in the
electron injection process into the semiconductor.
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whereas di-anchored adsorptions M1-M1 and BB-BB slightly
shift the CB to higher energies by 0.2 and 0.3 eV, respectively
(Table 4). As previously described, the sensitizer's dipole com-
ponent normal to the surface induces a shift in the TiO, CB
energy.”* Actually, the situation is more entangled and some
of us have recently shown that the CB shift is the result of a
combined effect of (i) the amount of electron density trans-
ferred in the ground state from the dye to the semiconductor
and (ii) the electric field generated by the dye on the TiO,
surface.®® Therefore, di-anchored models, where the two
branches are linked to the semiconductor, show larger CT
and electric field effects with respect to the single-anchored
systems thus shifting the CB at a larger extent. An even
sustained shift for the CB is expected when considering the
entire dye due to an enhancement of the above-mentioned
electronic features provoked by the donor group.

As far as the PDOS corresponding to the molecule adsorbed
is concerned, special care must be taken since the two identical
branches of the dye present different environments, thus
leading to non-degenerate LUMO energy levels (see Table 4
and Fig. S7, ESIT). A splitting in the degeneracy in LUMO(1) and
LUMO(2) is computed for M1 where the carboxylic acid of the
anchoring group binds to the semiconductor surface, whereas
near-degeneracy is predicted for M1-M1 due to the almost
equivalent anchoring topology. Accidentally, these bands are
almost degenerate in energy for BB (see Table 4) but the
different width computed for each one unequivocally deter-
mines the contribution (LUMO(1)) of the anchored branch
(Fig. S7, ESIt). Finally, the energy difference between the two
LUMOs is computed to be 0.6 eV (see Table 4), due to the
completely different arrangement of the COOH/COO ™ groups
on the TiO, surface (vide supra in the Geometry Analysis). In the
same geometrical environments, a slight decrease in energy is
predicted for the LUMO band corresponding to the better
interacting branch (from —4.0 and —4.1 to —4.2 in M1 and
M1-M1, respectively). This trend does not apply to the dissocia-
tive bridged bidentate adsorptions due to the different COOH/
COO™ nature in the two branches.

Since the system under study possesses two near-degenerate
unoccupied molecular orbitals (LUMO(1) and LUMO(2) in
Table 4) in the 2@TiO, association, the PDOS corresponding
to the better anchored branch LUMO(1) was extracted due to its
relevant role on the electron injection into the semiconductor.
The PDOS for the LUMO(1) was fitted to a Lorentzian peak
function in order to quantify the interaction of the dye with the
semiconductor. As shown in Fig. 8, the BB adsorption provides
a wider band width (0.184 eV) compared to M1 (0.147 eV). The
broadening of the LUMO of the dye is directly related to its
interaction with the CB states of the TiO,. Thus, the BB
adsorption would be expected to provide a faster electron
injection into the semiconductor.’” Likewise, the BB-BB
adsorption fit computes a broader LUMO band than M1-M1
thus favoring the electron injection. According to expression
(5), we calculate electron-transfer times of 4.5, 3.6, 4.7 and 4.2 fs
for M1, BB, M1-M1 and BB-BB, respectively. Obviously, the
width of the LUMO band in the singly anchored conformations
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Fig. 8 Lorentzian fitting of the PDOS corresponding to the LUMO of the
better anchored branch in the system 2@TIO, for the singly (a) and doubly
(b) anchored adsorption modes. The corresponding fitting parameters
Eiumo (center of the peak) and hI" (full width at half-peak height) of the
Lorentzian function according to the expression (4) are displayed.

is wider than in the doubly anchored ones since the branch we
are analyzing is better accommodated on the TiO, surface in
the former. However, notice that this broadening effect is
doubled in M1-M1 and BB-BB adsorption modes thus result-
ing in an enhanced electron injection into the semiconductor.

A rule of thumb for obtaining efficient electron injections in
DSCs is to have a dye that provides an energy difference between
LUMO and CB of around 0.5 eV. In this way, M1 and especially
M1-M1 offer good LUMO-CB gaps (0.7 and 0.5 eV, respectively) for
efficient electron injection. Therefore, the doubly anchored M1-M1
structure has two positive effects on the electronic properties: (i) it
produces an increase in the CB energy, which should be beneficial
for the DSCs performance in terms of an increase of the open circuit
voltage, and (i) it enhances the dye-semiconductor interaction
leading to a broadening of the LUMOs and an adequate LUMO-
CB gap, which favors electron injection into the semiconductor.
It is thus evidenced that multi-anchored systems better fulfill
the electronic requirements for DSCs and offer the possibility
of modulating the LUMO-CB energy difference in a systematic
way depending on the number of anchoring groups.
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4, Conclusions

A first-principles investigation has been performed to determine
the anchoring mode of an exTTF-based, di-branched, donor-
acceptor dye to the anatase (101) surface. Considering two
reduced but still reliable dye subsystems, a number of different
anchoring environments were designed to determine not only
the position of the symmetric and asymmetric CO stretching
modes but also other vibrations appearing at similar energies,
which may hinder the assignment of the diagnostic COOH/
COO™~ modes. The theoretical characterization of the typical
vibrational modes in a dye@TiO,-like system enabled the firm
assignation of the symmetric and asymmetric CO modes in the
available experimental FTIR spectrum. The comparison of the
Av,s values inferred from the experiment and those theoretically
obtained for the 1a-1f models suggests that, whereas the dye
forms dimers in the powder, it adsorbs on the semiconductor
surface most likely in an M1 monodentate coordination.

The reduced system 2, which contains the two anchoring
groups present in the entire dye A, was used to perform
optimizations of the most relevant COOH/COO coordinations
over a periodic slab of anatase (101). Singly anchored mono-
dentate adsorptions (M1, M2 and MN) are computed lower in
energy than the bridging bidentate (BB) adsorption, in line with
previous Car-Parrinello PBC results.'” Doubly anchored mono-
dentate M1-M1 structures provide a gain in stability with
respect to the singly anchored analogue. Exploring the potential
energy surface by means of a Car-Parrinello molecular dynamics
along 3 ps, we arrive at an M1-M1 structure in which the carboxylic
anchoring groups are better positioned on the TiO, surface and
form two stabilizing H-bonds. This structure, being about 14 keal
mol ' lower in energy than the monodentate M1 structure,
corresponds to the most stable adsorption conformation. BB-BB
adsorptions have been shown to be much higher in energy than
M1-M1 not only because of the total breaking of the n-conjugation
between the two acceptor branches but especially for the
inadequate match of the carboxylic groups with respect to
the anatase (101) topology. Therefore, the doubly anchored,
monodentate M1-M1 structure is predicted as the energetically
favored adsorption in good agreement with experimental
evidences.

The projected density of states calculated for M1, BB,
M1-M1 and BB-BB adsorption modes predict that the doubly
anchored systems shift the conduction band of TiO, to slightly
higher energies compared to the singly anchored analogues.
This shift allows for an increase in the open-circuit voltage
permitting higher conversion efficiencies for DSC purposes.
Moreover, an extensive analysis of the PDOS for the different
branches in the 2@TiO, system allowed the understanding of
the inner role for the two nearly degenerate LUMO bands
corresponding to the two identical branches of the dye in
the total DOS. Although the singly anchored M1 adsorption
provides a slightly broader LUMO band due to the better
anchoring disposition onto TiO,, the broadening in M1-M1 is
doubled since the two branches are well interacting with
the semiconductor surface. Overall, the energetically favored
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M1-M1 structure provides appropriate LUMO-CB energy differ-
ences with two broad and intense LUMO bands, which favor the
electron injection into the semiconductor and explains the good
performance experimentally achieved in the device.
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Chapter 5. Supramolecular donor—acceptor complexes

5.1. Introduction

The construction of artificial photoactive devices capable of mimicking
the photosynthetic process by transforming sunlight into chemical
potential is one of the most pursued objectives in the quest for new
sources of energy.[13¢] For this purpose, chemists have developed a wide
variety of donor-acceptor systems, in which photon energy is used to
produce a photoinduced electron transfer from the donor to the
acceptor.[1371 Among them, porphyrins and fullerenes (Figure 25a,b) have
extensively been combined due to their respective notable electron-rich
and electron-withdrawing properties.[138] Fullerenes have been widely
employed in molecular switches, receptors, photoconductors,
photoactive dyads, and as n-type semiconducting materials in organic
solar cells.[139 The excellent electron-accepting properties of fullerenes
and their derivatives together with their low reorganization energy make
them good candidates as building block systems for the light-to-power
conversion. On the other hand, porphyrin dyes have been extensively
incorporated in prototype dye-sensitized solar cells,[14%] reaching power
conversion efficiencies as high as 13%,[141] exceeding the performance of

state-of-the-art ruthenium-based chromophores.

Figure 25. a) Simplest porphyrin chemical structure; X may refer either to a metal
atom or two H atoms. b) Chemical structure of the Buckminsterfullerene Ceo. ¢)

The first reported porphyrin-fullerene dyad.[142]
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The initial report of the synthesis and photophysical study of a fullerene
linked to a porphyrin pigment was accomplished in 1994 by Liddell and
coworkers (Figure 25c).[1421 Thenceforth, a large list of porphyrin-
fullerene push-pull chromophores have been designed either through
the covalent chemistry or the chemistry governed by the noncovalent
interactions —the supramolecular chemistry—.[143] In contrast to the
already well-known fundaments of covalent donor-acceptor dyads, deep
knowledge is still required in the versatile supramolecular chemistry
counterpart. For example, although a variety of supramolecular
ensembles involving both fullerene and porphyrin electroactive moieties
interacting by m-m forces have been reported,[30. 1441 the nature of this
affinity, which challenges the traditional belief that a curved guest
(fullerene) requires curved hosts for effective complexation, is not yet
fully understood (Figure 26).[1391 Rational comprehension of the
supramolecular forces governing the assembly of fullerenes and
porphyrins would enable further development and application of these
building blocks in supramolecular chemistry and advanced materials

science.

Figure 26. a) Convex-planar mismatch between the fullerene and porphyrin
supramolecular recognition. b) X-ray crystal structure of a bis-porphyrin
macrocycleeCeo inclusion complex, showing that the distorted structure of the

porphyrins is adopted to maximize interactions with Ceo.[145]
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In contrast to fullerenes (or buckyballs in general), bowl-shaped
polycyclic aromatic hydrocarbons (buckybowls) represent a novel and
fascinating less-known class of compounds that can serve as models for
the investigation of their analogous carbon nanoforms. Figure 27a shows
the chemical structure of the simplest buckybowl: the well-known
corannulene. The development of practical, gram-scale synthetic
methods has allowed for systematic studies of the buckybowls chemistry
with the added value of their synthetic availability in pure form with a
well-defined molecular structure.[146] The coordination of metal cations
by fullerene fragments has been thoroughly studied (Figure 27b),[146b]
and they have also been used to construct receptors for fullerenes owing
to their shape complementarity (e.g., the so-called buckycatcher shown
in Figure 27¢,d).['*7] The association of buckybowls by other organic hosts
has, however, not been investigated thus far. A comprehensive
elucidation on how these carbon-based buckybowls self-assemble with
complementary electroactive organic compounds would undoubtedly
help advance in the understanding of the noncovalent forces governing
the supramolecular chemistry of carbon nanoforms. Additionally, the
supramolecular orientation might give deep insight into the fundamental
aspects of the electron-transfer processes occurring in these novel and

unexplored donor-acceptor systems.
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Figure 27. a) Chemical structure of one of the most used fullerene fragments: the
corannulene. b) [(Cp*Ru)2(pz-n®n®-C20H10)]?*: an example of a coordination
complex involving the corannulene moiety. ¢) Chemical structure of the
buckycatcher incorporating two corannulene units. d) 3D representation of the

buckycatchereCso supramolecular complex.

In this Chapter, a series of monotopic and ditopic porphyrin-based
receptors are theoretically investigated to help rationalize the origin of
the supramolecular recognition of these novel hosts to bind a fullerene
derivative guest in an atypical convex-planar mismatch. In addition, the
electron-donor truxTTF derivative has been used as host in the
supramolecular recognition of fullerene fragments of increasing size for
the generation of donor-acceptor assemblies that undergo charge-

transfer phenomena upon photoexcitation. The nature of the forces
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giving rise to the association and the origin of the charge-transfer process
upon light absorption are disentangled by means of first-principles

calculations.

5.2. Results and discussion

5.2.1. Metal-atom effect: monotopic porphyrineCeo
assemblies

To shed light on the nature and strength of the noncovalent interactions
governing the supramolecular assembly of fullerene derivatives with
metal-substituted porphyrins, we thoroughly investigated a series of
novel cup-and-ball metalloporphyrin-fullerene conjugates in
collaboration with the experimental groups of Profs. Nazario Martin and
Jean-Francois Nierengarten. Target complexes 2-Me1 were obtained by
mixing the corresponding porphyrin-crown ether conjugates (2-M; M =
2H, Co, Ni, Cu or Zn) and the methano[60]fullerene derivative 1[148l
(Figure 28). Note that chemical nomenclature slightly differs from the
original work to simplify the reading. The complexation was first
evidenced by experimentalists through 'H-NMR spectroscopy, and the
measurement of the binding constant of 2-Me1l was undertaken by
monitoring the changes in the UV-Vis absorption spectra. The
logarithmic binding constants (log A.) for porphyrins 2-M with the
methanofullerene derivative 1 at 25 °C in dichloromethane were: 5.5, 6.3,
5.9, 6.3 and 6.9 for 2-2Hel, 2-Coel, 2-Niel, 2-Cuel and 2-Znel,

respectively.
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1 2-M

Figure 28. Chemical structure of the methano[60]fullerene guest 1 (left), the
metalloporphyrin host 2-M (centre), and the host-guest supramolecular

complex 2-Me1 (right). M refers to either 2H, Co, Ni, Cu or Zn.

In order to better understand the nature of the different interactions
governing the associates and gain insight into the experimental ordering
found for K, a comprehensive theoretical investigation of these
supramolecular complexes was carried out in a multi-level approach.
Geometry optimizations were initially performed at the semiempirical
PM?7 level and showed that, after full geometry relaxation, the ammonium
group of the methanofullerene interacts with the crown ether of the
porphyrin by H-bond formation (Figure 29). Otherwise, the fullerene ball
recognizes the centre of the porphyrin system interacting by noncovalent
forces. Subsequent DFT reoptimizations at the B97-D/6-31G* level of

theory led to the supramolecular parameters summarised in Table 2.
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Figure 29. Minimum-energy structure calculated for the 2-Cue1 complex at the
PM7 level. Side (left) and front (right) views are displayed. The different types
of intermolecular contacts are denoted with labels a-d. Only relevant hydrogen

atoms are displayed for clarity.

Table 2. DFT-optimized (B97-D/6-31G*) intermolecular distances (a-d, in A)
characterizing the 2-Me1 associates, and binding energies (£bing, in kcal mol-1)

computed at the PBE0-D3/cc-pVTZ level.

Complex M-Ceo(a) NH:-O(b) CH:Ceo(c) CH:--Ceo (d) FEbind

2-2H-1 2.756 1.848 2.679 2.577 —-92.4
2-Coel 2.119 1.850 2.642 2.573 —93.8
2-Nie1 2.793 1.842 2.623 2.610 —88.7
2-Cuel 2.754 1.846 2.662 2.599 -91.3
2-Ine1 2.701 1.845 2.689 2.591 -92.8

aSee Figure 29 for the definition of the geometric parameters. For further details,

the reader is referred to the original work (Jtlgi{e=\atels¥:g below).

The main interactions governing the supramolecular association are
represented by the M-Ceo (a) and NH---O (b) distances given in Table 2
(see Figure 29 for labelling). In addition, CH---m dispersion interactions (c
and d) between the tert-butyl substituted benzene rings of the porphyrin
and the m-cloud of the fullerene also contribute to the supramolecular

complexation.
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The association or binding energy ( £bina) for the 2-Me1 associates, defined
as the energy difference between the complex and its constituting
monomers at their respective minimum-energy geometries, was
calculated at the PBEO-D3/cc-pVTZ level of theory using the B97-D/6-
31G*-optimized geometries (Table 2). Passing from Ni to Zn, Fiing rises
from —88.7 to —92.8 kcal mol-! due to the more stabilizing M-Ceo
interaction that takes place in moving to electron-richer metal atoms. The
stabilization in the formation of the nonmetalated 2-2ZHe1 complex
amounts to —92.4 kcal mol-1, and the largest association energy is
computed for 2-Coe1 (—93.8 kcal mol-1). Theoretical calculations show
that the noncovalent interaction between the fullerene ball and the
phenyl-substituted porphyrin amounts to —22.5 kcal mol-1, and the
presence of the tert-butyl groups at the meta position of the phenyl rings
(interaction d) produces an additional stabilization of ~ 4 kcal mol-!
(—26.3 kcal mol-! in total), in agreement with previous theoretical
studies.['%91 The ammonium-crown ether NH---O contacts have been
found to be the main stabilizing driving force, with an interaction energy
of —64.9 kcal mol-1, which is three times the stabilization of the

porphyrin-Cgo interaction.

Keeping in mind that Ceo interacts with the porphyrin moiety mainly
through one electron-rich [6,6] double bond,[150] we modelled a simplified
system (MPeCzH,4), in which the pristine porphyrin (MP) interacts with a
molecule of ethylene (Figure 30). This reduced model allows performing
more accurate calculations to better understand the relative stabilization
of the different associates when varying the metal in the porphyrin. A
clear correlation between the calculated binding energies and metal-
ethylene distances is obtained: the shorter the distance along the series

NiPeC2H, (3.18 A) > CuP+C;H,4 (3.00 A) > ZnPeC,H, (2.75 A) > CoPeC;H,4
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(2.62 R), the larger the stabilization of the complex (Table 3). The net
charge calculated for the metal atom increases in going from CoP-CzHs
(+0.720 e) to ZnP-C2H4 (+1.223 e) —Table 3— and, in a first approach,
this can be related with the stabilizing electrostatic interaction between

the porphyrin and the fullerene guest.

=€ d 3=
X O o

Figure 30. PorphyrineC2H+ model (MP+CzH4) used to understand the nature of

the interaction between the porphyrin host 2 and the fullerene guest 1.

Table 3. Binding energy (kcal mol—1), metal-ethylene distance ¢ (A), and natural
population analysis (NPA) charge of the porphyrin central atom (M = 2H. Co, Ni,
Cu, Zn) calculated at the PBE0-D3/cc-pVTZ level of theory for the simplified

porphyrin-ethylene associates.

Complex Ebina d M charge
2HP-CzH4 —4.636 2.986 +0.942
CoP-CzHs —8.534 2.619 +0.720
NiP-CzH4 —4.530 3.177 +0.733
CuP-CzH4 —5.965 2.997 +1.006
ZnP-C2Ha —8.047 2.749 +1.223

Symmetry-adapted perturbation theory (SAPT) calculations based on the
Hartree-Fock wavefunction were performed for 2HP-C;Hs4, NiP-C;Hs and
ZnP-C;Hs to decompose the total binding energy into electrostatic,
exchange, induction and dispersion energy components (Table 4). A

stabilization in the electrostatic term of more than 10 kcal mol-! is
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predicted in passing from NiP-C2H4 to ZnP-C2H4, whereas the exchange
interaction is computed positive, and much larger for ZnP-C;H4 than for
2HP-C;H4 and NiP-C;Hs. The induction term is meant to decay with the
distance between the two interacting moieties as R~ wheren = 2-4, and
thus it is computed non-negligible only in the case of the best interacting
ZnP-C;H4 (Table 4). Finally, the dispersion energy is predicted to be the
largest stabilizing contribution in 2HP-C2Hs and NiP-C;Hs, and it also
largely stabilizes ZnP-CzHs in more than 10 kcal mol-1. Theoretical
calculations therefore suggest that the energy term that mainly
contributes to the stabilization of the 2ZHP-C;H4 assembly is the dispersion
component, whereas the electrostatic contribution acquires a major role
in the metal-based porphyrin complexes, especially in ZnP-CzHs, for
which M-ethylene distances are computed shorter and the metal bears a

larger positive charge.

Table 4. Energy decomposition (in kcal mol-1) calculated at the SAPT0/def2-
TZVP level for closed-shell porphyrin-ethylene systems with M = 2H, Ni, Zn.

2HP-C2H4 NiP-CzH4 ZnP-Cz2Ha

electrostatic —2.794 -5.277 —16.212
exchange 7.046 8.605 22.101
induction —0.690 —-0.728 —3.900
dispersion —7.033 —7.055 —-10.521
TOTAL —-3.472 —4.455 —8.532

5.2.2. Cooperativity in ditopic porphyrineCso complexes

Whereas the supramolecular chemistry involving porphyrin and
fullerene has been extensively explored through the generation of

associates involving porphyrin tweezers and cages,['51] metal-ligand
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bonds,[1521 hydrogen bonds,[153] electrostatic interactions,[1541 mechanical
bonds,[’55] or a combination of several of these interactions,[156]
supramolecular arrays involving conjugated multiporphyrin systems are,
however, scarce in the literature. Taking advantage of the knowledge
gained in the work described above on the monotopic metalloporphyrin-
fullerene conjugates, we have undertaken a collaborative study for the
complexation of two analogous ditopic porphyrin receptors: meso-meso
3 and tape 4 (Figure 31), with the methano[60]fullerene compound 1
(Figure 28). A 1:2 stoichiometry was foreseen for both 3 and 4 when
coupled to 1 based on the design of the host molecules, which was further
corroborated by ElectroSpray lonization (ESI) Mass Spectroscopy

experiments.

Figure 31. Chemical structure of the novel ditopic porphyrin-based hosts 3 and
4,

Theoretical calculations were carried out to shed light into the nature and
strength of the interactions controlling the different association
processes taking place in the formation of the supramolecular
assemblies, with special attention to the negative cooperative effects
experimentally evidenced for these systems (see the original

)il Talels i) below for further details). Minimum-energy geometries
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were computed for supramolecular complexes 3¢1 and 3e1; at the B97-
D3/(6-31G**+LANL2DZ) level of theory (Figure 32). In analogy to the
monotopic porphyrin supramolecular arrangements discussed in the
previous Section, compound 1 in 3e1 interacts with the crown ether
through the positively-charged ammonium group, forming three
NH---O(ether) hydrogen-bond interactions in the 1.83-2.00 A range.
Additional short H---C contacts between the peripheral tertbutyl-
substituted phenyl rings and Ce are computed in the range of 2.5-3.2 A,
which add approximately 1 kcal mol-! of stabilization per each
interaction. Importantly, the vicinal porphyrin, linked to the porphyrin
that interacts with 1, approaches the fullerene fragment and gives rise to
additional interactions: short H--C contacts in the 2.7-3.2 A range and a
weak m-m interaction between the peripheral benzene ring and the

fullerene.

Figure 32. Chemical structure (left) and minimum-energy geometry calculated at
the B97-D3/(6-31G*+LANL2DZ) level (right) of the supramolecular assembly

of ditopic host 3 with one and two molecules of guest 1.
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Moving to 315, the second molecule of 1 enters the empty porphyrin core
and defines similar interactions to those described for 3e1. The
minimum-energy geometry shows that the two fullerenes tend to
approximate each other in order to stabilize the resulting complex
(Figure 32), with close C---C contacts between the two Ceo of 3.7 A. This is
at the expense of distortions out from orthogonality between the two
porphyrin moieties. The peripheral di-tertbutylphenyl groups placed on
the vicinal porphyrin moieties play an active role in the stabilization of
the complex with short H---C(Ceo) contacts around 2.8 A and m-m

interactions at 4.4 A.

The association between porphyrin tape 4 and 1 (Figure 33) follows the
same pattern as previously described for 3¢1. Here, the introduction of
the second fullerene-based guest 1 into the 4¢1 complex can be achieved
in two different ways: the two fullerene balls standing in the same side in
a syn disposition (4e12-syn), or the two balls located in opposite sides
with respect to the plane generated by the porphyrin tape dimer in an
anti disposition (4e12-anti) (Figure 33). By comparing the ant/ with the
syn complex, an important - stabilization arises for the latter due to
the fullerene-fullerene proximity. Experiments showed that the
complexation of the first molecule of 1 in porphyrin hosts 3 and 4 leads
to a complex where it is more difficult to complex a second equivalent of
1 (negative cooperativity). The relevant m-m contacts between the
buckyballs calculated for 4e1;-syn therefore confers an additional
stabilizing interaction that would reduce the negative cooperativity with

respect to 315, as experimentally evidenced for the tape assembly.
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4el,-anti

Figure 33. Chemical structure (left) and minimum-energy geometry calculated at
the B97-D3/(6-31G**+LANL2DZ) level (right) of the supramolecular assembly

of ditopic host 4 with one and two molecules of guest 1.

Single-point energy B97-D3 calculations were performed on the
optimized geometries by using the more extended cc-pVTZ+LANL2DZ
basis set to estimate the binding energy (£binga) for all the supramolecular
complexes (Table 5). The association of one molecule of 1 by the meso-
mesoporphyrin dimer 3 leads to a large net stabilization of —108.19 kcal
mol-!, rising especially from the NH---O(ether) contacts and the
porphyrin core-Cgo interaction. Upon inclusion of the second molecule of
1, Fbina is approximately doubled, reaching a value of —211.05 kcal mol-1

for 3e1,. The theoretical values predicted for Euing (Table 5) indicate that
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the incorporation of the first guest molecule leads to a more stable
complex for 3 than for 4, and suggest that the entrance of the second
molecule of 1 is relatively more favoured for 4 than for 3 (binding energy
differences per 1 unit between 1:2 and 1:1 complexes of +5.33 and —3.4
kcal mol-! for 3 and 4, respectively; Table 5). These trends are in accord
with the higher association constant K7 obtained for meso-meso
porphyrin 3 (log A1 = 8.7) compared to tape porphyrin 4 (log K1 = 6.8),
and with the smaller decrease it experiences for 4 in passing from the 1:1

to the 1:2 stoichiometry (log A2 = 5.4 for both 3e1; and 4e15).

Table 5. Binding energies computed at the B97-D3/(cc-pVTZ+LANL2DZ) level

for the host-guest supramolecular associates with stoichiometry 1:1 and 1:2.

Complex Eiing (kcal mol-1)
3e1 —108.19
3e1; —211.05
4.1 —98.40

4e1,-anti —195.40

4e1;5-syn —200.20

To help rationalize the experimental values of the association constants
for both the 1:1 and 1:2 complexes, net electronic charges were calculated
at the B97-D3/(6-31G**+LANL2DZ) level for 3e1 and 4e1 using the
Natural Population Analysis (NPA). Upon formation of complexes 3¢1
and 4e1, the electron-donor porphyrin dimer transfers 0.19e and 0.26e
to the fullerene-based acceptor, respectively. In 31, the porphyrin
moiety interacting with the Ceo ball accumulates a positive charge of
+0.16e, whereas the vicinal empty porphyrin bears a residual positive
charge of only +0.03e. Moving to 41, the Ceo-interacting porphyrin

moiety bears a smaller positive charge of +0.11e compared to the empty
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porphyrin fragment (+0.15e). The efficient m-conjugation between the
two porphyrin moieties in tape 4 explains the charge transfer from one
fragment to the other. Theoretical calculations therefore predict a
notable decrease in the electron density for both meso-meso and tape
porphyrin dimers in the ground state upon complexation of the first
acceptor molecule of 1. The decrease of electronic density disfavours the
entrance of the second guest molecule, and contributes to the remarkable
change of the association constant (log A3), from 8.7 to 5.4 in 3¢1; and
from 6.8 to 5.4 in 4¢1,, when the second molecule of 1 is included to form
the stoichiometric 1:2 complex. For complex 4e1; the stabilizing
interaction between the Ceo units found for the more stable syn
disposition partially compensates for the negative effect provoked by the
lowered electronic density, inducing a reduction of the negative

cooperativity as evidenced by experiments.

During the research carried out along the PhD period, the supramolecular
assembly of fullerene C¢o with crown ether-decorated exTTFI[157] and bis-
exTTF-macrocyclicl158] receptors has also been theoretically inspected.
The latter were already found to bind efficiently carbon-based
nanotubes.[159] A protocol to elucidate binding constants between small-
molecule derivatives and insoluble carbon nanotubes has also been
developed through pyrene-based hosts in a collaborative investigation
with the group of Prof. Emilio M. Pérez.[1¢0] The reader is referred to the
original publications for further information on these studies (articles

17-18 in the List of publications).
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5.2.3. The truxTTFehemifullerene supramolecular
complex

In contrast to the ubiquitous electron-acceptor buckminsterfullerene Ceyo,
other kind of carbon nanoforms have gained an increasing attention in
the last decade. Based on the alternation of 5- and 6-member fused rings,
fullerene fragments (also known as buckybowls) have attracted the
interest of the scientific community as models of their parent buckyball,
nanotube and graphene materials. Buckybowls have the added value of a
richer chemistry and their pure synthetic availability with a well-defined
molecular structure (e.g., see Figure 34a for the chemical structure of the

hemifullerene C3oH1z).[161]

Figure 34. a) Chemical structure of hemifullerene CsoH1z and truxTTF. b,c)
Structure of the dimers formed by CsoHiz (carbon atoms in red) in its trigonal
and orthorhombic crystal polymorphs, respectively. d) Structure of the dimer

formed by truxTTF in its crystal packing (carbons in green, sulphurs in yellow).
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Among the different carbon-based nanofragments, the truxene structure
has attracted a great deal of interest due to its exceptional solubility, high
thermal stability and ease to be modified.['62] Over the last years, and
thanks to the advances in the synthesis of truxene derivatives, the scope
of applications of this attractive heptacyclic polyarene building block,
initially limited to synthesis and photoluminescence, has been extended

to organic electronics.[163]

Particularly interesting is the modification of the truxene core through
the incorporation of three dithiole ring units in the generation of the so-
called truxene-TTF (truxTTF) compound (Figure 34a).[164] In analogy to
the extended TTF derivative (exTTF), the truxTTF structure is distorted
out of planarity due to short dithiole-benzene contacts, giving rise to a
double-concave unit that presents the structural requirements as an
electron-donor host for the recognition of fullerene derivatives.[164-165]
Considering the ability of the truxTTF to associate fullerenes promoted
by the concave-convex complementarity together with its appealing
electron-donating character, we reasoned that this electron-rich moiety
should also be able to bind small fullerene fragments, such as
hemifullerene C3oH12, forming heteromolecular donor-acceptor bowl-to-
bowl complexes. To explore this possibility, we carried out density
functional theory (DFT) calculations on four different supramolecular
truxTTFeC30H12 models, which were rationally constructed based on the
crystallographic information on both CsoH12[166] and truxTTFIt64] (Figure

34b-d).

Figure 35 displays the minimum-energy structures (A1-4) computed for
the truxTTFeC3zoHi2 heterodimer at the revPBE0-D3/cc-pVTZ level. In

structures Al and A2, the convex surface of the C3oHi2 bowl perfectly
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matches the two concave cavities of the truxTTF host; that is, either
through the cavity formed by the carbon backbone (structure Al) or
through the cavity formed by the central benzene ring and the three
dithiole rings (structure A2). Both structures can thus be seen as bowl-
in-bowl arrangements where m-m interactions are maximized. The
concave cavities of truxTTF and CzoHi2 can also interact, giving rise to
heterodimers in which either a benzene or a dithiole ring of the truxTTF
molecule is placed inside the concave cavity of the hemifullerene bowl

(structures A3 and A4, respectively).

Figure 35. Minimum-energy structures (A1-4) computed for the truxTTFeCsoH12
heterodimer at the revPBE0O-D3/cc-pVTZ level.

To assess the strength of the interaction between the truxTTF and C3oH12
bowls, association energies of the previously-optimized heterodimers
were also calculated at the revPBEO-D3/cc-pVTZ level. The four
supramolecular structures A1-4 exhibit significant gas-phase association
energies, ranging from —21.0 and —19.4 kcal mol-! for Al and A2,
respectively, to —25.2 and —28.5 kcal mol-! for A3 and A4, respectively.
Recent high-level theoretical calculations at the DLPNO-CCSD(T) level of
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accuracy carried out in our group confirm the stabilization ordering

obtained at the DFT-D3 level for the four possible arrangements.[167]

Encouraged by the theoretical results, the group of Prof. Nazario Martin
carried out a titration of truxTTF with C3oHi2 in chloroform at room
temperature. Experimentalists observed a decrease in the intensity of the
truxTTF absorption at A = 450 nm, accompanied by the increase of a
broad band in the 500-600 nm region (Figure 36a). UV-Vis experiments
showed an association constant of log K = 3.6 + 0.3 for the
truxTTFeC3oH12 supramolecular complex in chloroform at room

temperature.

Abs /a.u

350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
»/nm Alnm

Figure 36. a) Experimental UV-Vis spectra, as obtained during the titration of
truxTTF (1.7 x 10-4M) with CsoHiz (0.8 x 103M) in CHCl3 at room
temperature. b) TDDFT simulation of the absorption spectrum of truxTTF as the
ratio of truxTTFeC3oH12 increases from 0 to 100 % (B3LYP/cc-pVDZ calculations

including CHCIs as solvent for the structure A4).

To gain insight into the electronic nature of the absorption bands
observed experimentally, and their evolution during the titration
experiment, the electronic structure and the lowest-lying singlet excited
states (Sn) of the truxTTFeCsoHi2 heterodimer and the constituting

monomers were computed using the time-dependent DFT (TDDFT)
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approach, taking into account solvent effects. Only the results obtained

for the most stable structure of truxTTFeC3oH12 (A4) are discussed.

TDDFT calculations predict the first two excited states S; and S, at 537
nm (2.31 eV) and 516 nm (2.40 eV), respectively, above the ground state
So. The So = S1and Sp = Sz electronic transitions have moderate oscillator
strengths (f) of 0.036 and 0.046, respectively, and are mainly described
by one-electron promotions from the HOMO to the LUMO and LUMO+1,
respectively. These transitions therefore imply a charge transfer from the
electron-donor truxTTF, where the HOMO is located, to the electron-
acceptor CzoHiz, where the LUMO and LUMO+1 are spread (Figure 37),
and are the major contribution to the band experimentally recorded in
the 500-600 nm range. Calculations predict several transitions (S9-S11)
in the 450 nm region giving rise to the truxTTF centred band originated
from HOMO, HOMO—1 — LUMO+3, LUMO+4 one-electron excitations. A
TDDFT simulation of the experimental titration was performed by
increasing the % of the truxTTFeC3oH12 absorption spectrum with respect
to that of the isolated truxTTF compound (see Figure 36). The theoretical
simulation is in sound agreement with the experimental evolution of the
absorption spectra, therefore supporting the formation of the
supramolecular donor-acceptor truxTTFeC3oHi2 heterodimer and the
appearance of a low-lying charge-transfer band in the region of 500-550

nm.
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Figure 37. Isovalue contours (£ 0.03 a.u.) and energies calculated for the HOMOs
and LUMOs of structure A4 at the revPBE0O-D3/cc-pVTZ level. H and L denote
HOMO and LUMO, respectively.

The formation of the charge-separated truxTTF+eC3oHi2~ species upon
photoexcitation was further confirmed by femtosecond pump-probe
experiments carried out by the group of Prof. Dirk M. Guldi. The time-
evolution analysis of the spectroscopic data afforded rate constants of
6.6 x 1011 and 1.0 x 101°s-1 for the charge separation and charge

recombination dynamics, respectively.

This work reports on the first evidence in which a fullerene fragment
mimics the charge transfer behaviour of the parent Buckminster Ceo

buckyball in a donor-acceptor supramolecular assembly (see

Publication 6 )}
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5.2.4. Buckybowls for donor-acceptor assemblies

In order to further explore the buckybowl properties evidenced in the
study of the truxTTFeC3oH1, complexation, a combined theoretical and
experimental investigation was undertaken for similar carbon-based
buckybowls of increasing size. In contrast to hemifullerene CzoH1z, the
recently reported larger Cs;Hi2 and C3sH14 buckybowls are corannulene-
based fragments of [60] and [70]fullerene, respectively (Figure 38).[168]
Such a difference in the aromatic core might likely be accompanied by
fundamental differences in terms of electronic properties and/or

supramolecular complexation.

C32H12

Figure 38. Chemical structure of corannulene-based buckybowls of C3zHi2 and

C3sH14. The corannulene skeleton is highlighted in red.

Based on our previous experience with hemifullerene CszoHi2,[1691 we
expected that the larger C3;H12 and C3gH14 fragments associate truxTTF in
a similar fashion. To test this hypothesis, we begun by studying the
supramolecular interaction in silico, by means of dispersion-corrected
DFT calculations (see Figure 39 for the case of truxTTFeCz;Hi2). In
analogy to that previously obtained for C3oHiz, the corannulene-based
C32H12 and CsgHis buckybowls may interact either through concave-

convex bowl-in-bowl arrangements —structures B1-2 for Cs;Hiz, and
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C1-2 for C3sHis— with a maximization of m-m interactions, or through a
concave-concave staggered disposition, implying a mixture of m-m and
CH---m noncovalent interactions —structures B3-4 for Cs;Hi2, and C3-6
for CzgH14—. The chemical nomenclature slightly differs from the original
work to simplify the discussion and further compare with the work

described in the previous Section.

Figure 39. Minimum-energy structures (B1-4) computed at the revPBE0-D3/cc-
pVTZ level for the most stable conformations of the heterodimer formed by the

Cs2Hi12 fullerene fragment with truxTTF (truxTTeCs2H12).

Briefly, the association or binding energy (Z£bina) for the bowl-in-bowl
structures was computed to be several kcal mol-! less stable than the
staggered dispositions in all cases (Table 6). Among them, the
arrangements in which the dithiole is placed inside the basin of the
buckybowl fragment were computed the most stable heterodimers
ranging from —28.5 kcal mol-1in C39H1z, to —29.9 kcal mol-1in C32H12 and
to —34.2 kcal mol-! in C3gH14. It therefore seems that upon increasing the
buckybowl size, the supramolecular interaction with the electron-donor
exTTF is reinforced due to the increasing number of weak noncovalent

interactions originated from m-m forces and CH:--m contacts.
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In order to provide a more realistic description reflecting the strength of
complexation at room temperature and in solution, the free energy of the
dimerization process was theoretically estimated for all the possible
conformers of truxTTFeCs;H12 and truxTTFeCssH1s4, and compared with
that computed for truxTTFeC3oH12. Enthalpy and entropy corrections to
the free energy were calculated at the B3LYP/cc-pVDZ level of theory. For
the entropic part, the rigid-rotor harmonic-oscillator approximation
(RRHO) was used as described by Grimme.[’5] Solvent effects were
included at the same level of theory using the Universal Solvation Model

based on Solute Electron Density (so-called SMD). The reader is referred

to Pgile)ite=1ate)s WA for further details.

Free energies in gas phase show that entropic effects are similar for both
bowl-in-bowl and staggered dimers (compare Eiina and A Ggas in Table 6).
Upon inclusion of solvent effects (chloroform), the A Giheor values obtained
indicate the same trends for the relative stabilities of the different
supramolecular arrangements as predicted by the association energy
(Table 6). Interestingly, only the staggered conformers provide negative
values of AGieor, Suggesting that bowl-in-bowl arrangements might not
be formed in solution. For the three buckybowls, the staggered dimers in
which the dithiole ring is placed inside the bowl basin are computed as
the most stable structures, with A Gineor values of —4.29, —4.93 and —5.00
kcal mol-! for truxTTFeCs;Hiz, truxTTFeCsgHis and truxTTFeCsoH1y,
respectively. Theoretical log A, values are predicted in the range of 3-4,
showing a perfect matching in the case of truxTTFeC3oH12 (log K theor =
3.7) with respect to the experimental value previously reported (log K,exp

= 3.6+ 0.3).1169]
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Table 6. Thermodynamic parameters (in kcal mol=!) including association
energy (Fbind), free energy in gas phase (A Ggs), and free energy including solvent
effects (AGieor) for the dimerization process. Theoretical and experimental log

Ki values are also included.2

Heterodimer FEbind AGgas A Gtheor lOg ](a,theor lOg ](a,exp
R Al -21.02  —-827 1.13
=
& A2 —-19.38  —5.98 2.64
é 3.7 3.6
e A3 -2523 -10.88 —2.96
=
=
= A4 -2852 —1434 -5.00
N B1 -2044  —3.87 5.07
I
S B2 —19.97  —4.24 3.67
é 3.2 2.9-3.3
E B3 —2469  —6.95 0.97
=

B4 —-2991 -12.84 —4.29

Cl1  -2337 —432 5.81

< 2 -2163 —3.46 4.80

=

S C3  -29.09 —9.72 0.51

é 3.6 3.4-3.5
e C4  -3348 -1439 -3.75

=

S

C5% -31.57 -11.71 —2.65

C6’ —34.24 —-1494 —4.93

2The reader is referred to the original work (Jgtls)ile=iste)s@ below) for further
computational details and experimental specifications. # C5 and C6 conformers
are analogous to C3 and C4, respectively, in which the buckybowl is rotated by

~ 90° with respect to the truxTTF.

Encouraged by the theoretical results, the association of the truxTTF with

the Cs2Hiz and CsgHis buckybowls was further assessed by the
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experimentalists through absorption titrations in several solvents at
room temperature. Overall, the absorption features in the UV-Vis
spectrum upon titration led to similar band evolution as that previously
found in truxTTFeCsoH12 (Figure 36a). For C32Hi2 and CsgHis, however,
the low-lying charge-transfer (CT) band was found very weak but
detected in the 500-600 nm range. Theoretical calculations of the
electronic structure in these heterodimers confirm unequivocally the
existence of weak low-lying charge-transfer bands in the 500-650 nm
range, corresponding to CT excitations from the HOMO and HOMO-1,
located on the electron-donor truxTTF, to the LUMO and LUMO+1,
centred over the buckybowl. Multiwavelength analysis of the titration
experiments led to association constants of log A, = 2.9-3.3 for C32H1 and
log K: = 3.4-3.5 for CssHis. As can be seen in Table 6, the theoretical
values estimated for log K. are in very good agreement with the
experimental results, giving support to the formation of the staggered

structures predicted theoretically as the preferred conformation.

Although carried out by the experimental group of Prof. Nazario Martin,
it is convenient to recall the H-NMR experiments performed for the
C32H12 and C3gH14 heterodimers in order to shed light on the structure of
these associates in solution. Figure 40a shows the H-NMR of truxTTF
(black), C32H12 (blue) and truxTTFeCs;H12 (red). Upon complexation, all
the signals of C32H12 suffer slight and quantitatively similar upfield shifts.
Meanwhile, the signals corresponding to the truxene core of truxTTF (b-
e in Figure 40a) appear unaltered, and only the dithiole ring signals (a +
a’ in Figure 40a) are shifted upfield by ca. 0.02 ppm. These changes
support the formation of the structure depicted as B4 in Figure 39, which
was calculated to be the only thermodynamically favourable

arrangement in chloroform solution for truxTTFeCs;H1, (vide supra).
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Figure 40. 1H-NMR (CDCl3, 400 MHz, 298K, all species at ca. 5 mM) of: a) truxTTF
(black), C32H1z2 (blue) and truxTTF + Cs2H12 (red), and b) truxTTF (black), CssH14
(blue) and truxTTF + CssHi4 (red). The insets shows an overlay of the spectra of
truxTTF and the complexes in the region between 6.74 and 6.68 ppm (a + a”) and
7.48-7.34 ppm (c + d).

The case of truxTTFeCsgH14 is not so straightforward though (Figure
40b). All the signals of the corannulene-based buckybowls are shifted
slightly upfield. However, experimentalists detected a shielding of both
the truxene-core and the dithiole signals of truxTTF upon association.
These spectroscopic changes point to a coexistence in solution of the
staggered structures, with predominance of those in which the dithiole
rings are inside the cavity of CssHis (similarly to B4 in Figure 39 for
truxTTFeC3;H12), again in perfect agreement with the relevant

calculations (Table 6). These outcomes turn out to be the first evidences
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that buckybowls, in contrast to fullerenes, are able to bind electron-donor
organic molecules in dispositions other than the typical concave-convex
arrangements, maximizing both CH---m and m-m interactions. It is also to
be noted that the structures implying the dithiole rings always result
more stable than those only involving the carbon backbones, thus

indicating the important role played by S---C - interactions.

Finally, femtosecond transient absorption studies carried out by the
group of Dirk M. Guldi shed light onto excited-state interactions in these
associates. In the case of truxTTFeC3sH1s, photoexcitation yielded the
charge-separated state truxTTF++eC3gH14*~ with a lifetime of ~160 ps in
the most polar benzonitrile. For truxTTFeC3;H12, the assignment of the
charge-separated state rendered extremely difficult, but is, based on

earlier findings, regarded to be very likely.

5.3. Summary

The supramolecular arrays studied in this Chapter constitute singular
examples that have helped a better understanding of the supramolecular
recognition of fullerenes and fullerene fragments by electron-rich hosts,

either with concave-concave or convex-planar mismatch.

Firstly, the different parameters influencing the stability of the
supramolecular ensembles formed by porphyrins and fullerene Ceo, with
special attention to the nature of the metal in the porphyrin moiety, have
been rationalized with the help of theoretical calculations thus providing
new insights into the fullerene-porphyrin interaction. In the case of the

bis-porphyrin adducts, theoretical calculations evidence a significant
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decrease of the electron density in both ditopic meso-meso and tape
porphyrin dimers upon complexation of the first Ceo-related molecule, in
good agreement with the negative cooperativity found experimentally in
these systems. This negative effect is partially compensated by the
stabilizing Ceo—Ceo interactions that take place in the more stable syn

disposition of the tape porphyrin:methanofullerene 1:2 aggregate.

Secondly, the association of a series of fullerene fragments —CsoHiz,
Cs;H1iz and CsgHis— with an electron-donating bowl-shaped
tetrathiafulvalene derivative (truxTTF) reveal that the counterintuitive
concave-concave conformation in which the 1,3-dithiole ring of truxTTF
is placed inside the concave cavity of the buckybowl is the most stable
arrangement. This structure was confirmed experimentally by NMR
measurements, and implies the combination of m-m and CH--m
interactions as the driving force for association. Time-dependent DFT
calculations provide a detailed understanding of the UV-Vis spectral
changes observed upon titration, giving support to the existence of a
photoinduced charge-transfer from the electron-donor truxTTF to the
electron-acceptor buckybowl. The charge-separated state resulting from
this CT transition was detected experimentally by means of femtosecond
pump-probe spectroscopic techniques for the supramolecular assembly
of truxTTF with C3oHiz and CssHis. These supramolecular complexes
constitute the first examples of donor-acceptor assemblies involving
fullerene fragments that mimic the electronic behaviour of their parent

buckyballs.
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Abstract: A fullerene ammonium derivative has been com-
bined with different metalloporphyrin—crown ether recepiors
to generate very stable supramolecules. The combination of
Jullerene—porphyrin and ammonium-crown ether interactions
leads to a strong chelate effect as evidenced by a high effective
molarity (3.16M). The different parameters influencing the
stability of the supramolecular ensembles, in particular the
nature of the metal in the porphyrin moiety, have been
rationalized with the help of theoretical calculations thus
providing new insights into fullerene—porphyrin interactions.

Thc construction of artificial photoactive devices capable of
mimicking photosynthesis by transforming sunlight into
chemical potential is one of the most sought objectives in
the quest for new sources of energy!" For this purpose,
chemists have developed a wide variety of donor—acceptor
systems, in which photon energy is used to produce a photo-
induced electron transfer from the donor to the acceptor.”
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Among them, porphyrins and fullerenes have extensively
been combined due to their respective notable electron-donor
and electron-acceptor properties.”¥

Most research on porphyrin—fullerene conjugates has
been based on covalent chemistry.”! However, considering
the versatility of noncovalent interactions, a variety of
supramolecular ensembles involving both chromophores has
been reported.”! Surprisingly, although many of these exam-
ples involve mi—t interactions between both components, the
nature of this affinity, which challenges the traditional belief
that a curved guest requires curved hosts for effective
complexation ¥ is not yet fully understood. Crystallographic
data suggests that it stems from the attraction between the
higher electron density of a [6,6] double bond of the fullerene
sphere and the protic center of a free-base porphyrin or the
metal of a metalloporphyrin, therefore confronting the
general notion of fullerenes as molecular acceptors!” In
addition, little is known on the role of the metal atom.””! To
the best of our knowledge, there are few examples dealing
with this issue in solution: the porphyrin sandwiches devel-
oped by Aida and co-workers'® and the “jaws porphyrins”['*)
and the calix[4]arenc-linked bisporphyrins!'!! developed by
Reed, Boyd, and co-workers. None of these papers fully
rationalized the binding or association constants (K,) for the
different metals beyond pointing to the existence of an
clectrostatic component as free-base porphyrins bind ful-
lerenes with a similar strength than their Zn" analogues.!
One of them even suggests that the high binding constants
obtained in the complexation of fullerenes can be ascribed to
their desolvation rather than to electronic effects.""! Compu-
tational studies mainly point to the presence of dispersion
forces in the complex and do not provide an accurate analysis
of the interaction.[®?]

Furthermore, supramolecular complexes presenting
a single porphyrin-fullerene m-m interaction are readily
dissociated in solution, given their low thermodynamic
stability, making their study more challenging. However, as
previously reported in our group, the inclusion of additional
supramolecular recognition motifs can lead to a cooperative
stabilization of the complex, in which the introduction of an
additional ammonium—crown ether interaction dramatically
stabilized the resulting complex.!"” Therefore, understanding
and quantifying the cooperative interplay between different
noncovalent interactions and the structure of the supramolec-
ular complexes obtained remain a major challenge.!"¥ For this,
the effective molarity (EM) is a key parameter, as it assesses
the chelate effect of a system by accounting for the easier
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Scheme 1. EM quantifies the ease of cyclization versus oligomeriza-
tion.

formation of an intramolecular reaction over its intermolec-
ular analogues (Scheme 1).1

To shed light on these topics, this work presents a complete
study on the effect of different metals, namely Co, Ni, Cu, and
7Zn, on the binding constant of a series of novel metal-
loporphyrin—[60]fullerene cup-and-ball complexes. Their self-
assembly is assessed through the EM of the Zn-based
complex and their K, values are rationalized with the help
of electrochemical studies and quantum-chemical calcula-
tions.

Targeted complexes [1-M-3] were obtained by mixing the
corresponding porphyrin—crown ether conjugates (1-M; M =
2H, Co, Ni, Cu, Zn) and the methano[60]fullerene derivative
3%l as shown in Scheme 2.

O Ha5C12Q

2R = NHBOC
3R = NHOCF,cOP

[1-M-3]

Ar = 3,5-di-tert-butylphenyl

Scheme 2. Formation of supramolecular complexes [1-M-3] from their
corresponding building blocks 1-M (M = 2H, Co, Ni, Cu, Zn) and 3.

Complexation was first evidenced by '"H NMR spectros-
copy. Addition of 1equiv of 3 to 1-Zn resulted in a fast
equilibrium leading to a shift of the signals particularly visible
in the aromatic region (see Figure S1 in the Supporting
Information, SI).

Measurement of the binding constant of [1-M:3] was
undertaken by monitoring the changes in the UV/Vis
absorption spectra of 1-M after addition of increasing
quantities of 3 in DCM at room temperature. A representa-
tive example is the formation of [1-Zn-3] (Figure S3).
Addition of increasing quantities of 3 to 1-Zn resulted in
a redshift of the Soret band (4,,,, =416 nm —423 nm), which
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was observed in all complexes (see Figure S4). This shift has
been accounted for by the charge transfer from the axial
ligand to the porphyrin ring”” and is widely used as an
evidence of the presence of intermolecular n-stacking "

The appearance of a single isosbestic point at 422 nm
suggests a single equilibrium between the unbounded and the
bounded species.'¥! Given the unlikely formation of a 1:2
complex by simultaneous collision of three molecules, this is
most probably a 1:1 complex. This stoichiometry is in line with
that found for a related system developed by our group!™ and
was also evidenced by positive ESI-MS. Thus, the mass
spectrum obtained from an equimolar mixture of 1-Zn and 3
in DCM displayed a single-charged ion peak at m/z 2461.00
ascribable to the 1:1 complex [1-Zn-3] after loss of the
counteranion (calculated m/z 2461.00). In addition, the MS of
a 1:4 mixture of 1-Zn:3 showed exclusively the peak
corresponding to a 1:1 stoichiometry (see Figure S2). Finally,
nonlinear curve fitting of the titration data using Specift
multivariate analysis software (see SI) fitted to a 1:1 model
and led to the K, values reported in Table 1.

Table 1: Calculated binding constants (K,) for porphyrins 1-M toward the
methanofullerene derivative 3 at 25°C in DCM.

Complex logK,+ 30
[1-2H-3] 5.5+0.2
[1-Co3] 63202
[1-Ni-3] 5940,
[1-Cu-3] 63403
[1-Zn3] 6.940.2

7 69
] 63 6.3

6 5.9
] 55 I

| I

44 ' } }

2H Co Ni Cu Zn

Interestingly, the pattern found for the binding constants
of [1-M-3] complexes is very different from those reported in
previous studies as [1-2H-3] does not bind fullerene with
a similar strength than [1-Zn.3].°Y Indeed, the values
obtained in our series correlate with that expected for
a porphyrin-Cg, associate governed by van der Waals forces,
in which K, becomes larger as the number of electrons in the
porphyrin increases, with the sole exception of [1-Ce-3]. Its
different behavior can be attributed to the strong interaction
between fullerenes and Group 9 metals (Co, Rh, Ir),*! which
has been related to the partial occupation of the Co-d,.
orbital, leading to less repulsive interactions."™ Experimen-
tally, this is evidenced by the fact that the Soret band of 1-Co
shows the largest redshift of all the series (Ad,, =24 nm)
upon complexation, suggesting a larger charge transfer
interaction (sce SI).

It is crucial to note that all previous examples were based
on the complexation of pristine Cg, whose low solubility
limited the choice of solvents for the titration experiment

Angew. Chem. Int. Ed. 2015, 54, 1255-1260



making its desolvation the driving force of the complexation,
as already mentioned in the introduction."! The use of
methanofullerene 3 has elegantly circumvented this limita-
tion, enabling us to have a better insight into the nature of this
interaction, while basically retaining the original properties of
the fullerene moiety.

The chelate effect in these self-assembled systems was
assessed by estimating the EM of the reference complex [1-
Zn-3]. For this purpose, each of the interactions leading to the
complex was independently evaluated and compared to the
overall stability, K, (Scheme 3).I""! The porphyrin conjugate 1-

1-Zn [o,-1-20-3] [0,-1-Zn-3] [1-20-2) logK, = 5.1+ 0.1
% logKi=1.3£0.3
"n" ”"HEM C) logky = 3.3+ 0.1

Q
vv?

[05-1-Zn-3) (&3]

Q
W AEY
[05-1-Zn-3] [1-Zn3]
Scheme 3. a) The EM is obtained by evaluating each supramolecular
interaction separately. b) The porphyrin—fullerene interaction was
assessed by 'H NMR titration of 1-Zn with methanofullerene 2 in
CDCl; at room temperature yielding K, (Figures S5 and S6). c) The
stability of the ammonium—crown ether association, K, was evaluated
by 'H NMR titration of 3 with crown ether 6.7” The overall binding
constant, K,, was obtained by UV/Vis titration of 1-Zn with 3 in CHCl;
at room temperature (see Figure S7).

Zn was combined with methanofullerene 2, whose ammoni-
um moiety is protected to prevent any H-bonding interaction,
to evaluate the porphyrin—fullerene interaction. The strength
of the ammonium-crown ether motif was evaluated by
titrating 3 with 6.%°/ The high EM obtained (3.16 M) reflects
how the introduction of the ammonium—crown ether associ-
ation as an additional recognition motif increases the
complementarity of the building blocks with a minimum
cost in their preorganization.

The supramolecular complexes were further studied by
Osteryoung square wave voltammetry (OSWV) and cyclic
voltammetry (CV). Formation of [1-M-3] led to changes of
the electrochemical signature of the 1-M porphyrins suggest-
ing donor—acceptor interactions in the ground state (see
Table S1 and Figures S8-S10). Indeed, a slight shift of the first
oxidation potential and a change in intensity are detected by
OSWYV upon interaction. In the case of 1-Co, the first
oxidation potential is centered on the metal and not on the
a-system of the porphyrin ligand.”™ In CV, for this particular
association, an apparent anodic shift of the first oxidation
potential (AE =220 mV) is observed (Figure $10). This is the
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most important shift value in comparison with all the other
cases and is in line with specific interactions of the metal
center and the fullerene sphere (see above). As for the
reduction, the significant anodic shift (ca. 50 mV) of the first
reduction of the fullerene moiety upon addition of 3 to 1-Co
further evidences this phenomenon.

The molecular structures and binding energies of the [1-
M-3] complexes were theoretically investigated to gain
a better understanding of the different interactions governing
the associates (see SI for full computational details). Geom-
etry optimizations were first performed at the semiempirical
PM7 level and show that, after full-geometry relaxation, the
ammonium group of the methanofullerene interacts with the
crown cther of the porphyrin by H-bond formation, whereas
the fullerene ball recognizes the center of the porphyrin
system by noncovalent forces (Figure 1).

Accurate density functional theory (DFT) optimizations
of the [1-M-3] geometries were performed at the BY7-D/6-
31G* level starting from the PM7-optimized structures (see
Figure S11 for the DFT-optimized geometries). The main
interactions governing the supramolecular association are
represented by the M-Cy, (a) and NH--O (b) distances given
in Table 2 (see Figure 1 for labeling). In addition, C—H--nt
dispersion interactions (¢ and d) between the rerr-butyl-
substituted benzene rings of the porphyrin and the m-cloud of
the fullerene also contribute to the supramolecular complex.
The increase in the electron density on the metal atom

Figure 1. Minimum-energy structure calculated for the [1-Cu-3] com-
plex at the PM7 level. Side (left) and front (right) views are displayed.
The different types of intermolecular noncovalent interactions are
denoted with labels a-d. Only relevant hydrogen atoms are displayed
for clarity.

Table 2: DFT-optimized (B97-D/6-31G#*) intermolecular distances (a—d,
in A) characterizing the [1-M-3] associates, and binding energies (E;,q)
computed at the PBEO-D3 fcc-pVTZ level.

Complex M-Cg,  NH-O  CH-Cgq  CH-Cgp  Epng

(@) (b)®™ () ¢ {keal mol )
[1-2H:3] 2.756 1.848 2.679 2.577 —92.4
[1-Co-3] 2.119 1.850 2.642 2.573 —93.8
[1-Ni-3] 2.793 1.842 2623 2,610 —88.7
[-Cu-3] 2754  1.846 2.662 2.599 ~91.3
[1-Zn-3] 2.701 1.845 2.698 2.591 —92.8

[a] Distance between the center of the porphyrin (the metal atom) and
the center of the closest [6,6] bond of Cg. [b] Shortest distance between
the hydrogen atoms of the ammonium group and the oxygen atoms of
the crown ether. [c] Shortest distance between the hydrogen atoms of the
peripheral benzene rings of the porphyrin and the closest Cg carbon
atom. [d] Shortest distance between the hydrogen atoms of the tert-butyl
groups and the closest Cg, carbon atom.

www.angewandte.org

1257



Angewandte

1258

Communications

determines a shortening in the M—Cg, distance from 2.79 Ain
[1-Ni-3] to 2.70 Ain [1-Zn-3], and the nonmetalated [1-2H-3]
associate presents an intermediate value of 2.76 A identical to
[1-Cu-3]. Calculations predict an M-Cy, distance of only
2.12 A for [1-Ce-3] underestimating the value of 2.60-2.80 A
recorded for neutral Co" metalloporphyrin complexes.?!
However, as discussed below, this underestimation is pre-
sumably due to the relatively small basis set employed in the
geomelry optimization. The hydrogen bond NH--O lengths
(b) that account for the ammonium—crown ether interaction
do not vary along the series of porphyrin—fullerene associates
(Table 2). The CH-Cy, interactions ¢ and d are all around
260 A and determine a slight folding of the porphyrin
macrocycle to better wrap the fullerene surface.

The association or binding energy (E;,s) of the [1-M-3]
associates was calculated at the PBE0-D3/cc-pVTZ level of
theory using the B97-D/6-31G*-optimized geometries
(Table 2). Passing from Ni to Zn, F,, rises from —88.7 to
—92.8 kcalmol™ due to the more stabilizing M-Cy, interac-
tion that takes place in moving to electron-richer metal atoms.
The stabilization in the formation of the nonmetalated [1-
2H-3] complex amounts to —92.4 kcalmol ', and the largest
association energy is computed for [1-Co-3] (—93.8 kcal
mol '). The differences found between the calculated E;,q
and the experimental trends found for K, may arise from the
solvent and entropic cffects, which are not taken into account
in the calculations.

To quantify the contribution of the main interactions
governing the formation of the [1-M-3] complexes, binding
energies at the PBE0-D3/cc-pVTZ//B97-D/6-31G* level were
computed for simplified model systems of [1-Zn-3] (see
Figure S12 and Table S2). The noncovalent interaction
between the fullerene ball and the phenyl-substituted por-
phyrin amounts to —22.5 kcalmol ', and the presence of the
tert-butyl groups at the meta position of the phenyl rings
(interaction d) produces an additional stabilization of approx-
imately 4 kcalmol™ (—26.3 kcalmol™) in agreement with
previous theoretical studies!”? The ammonium-—crown
ether NH--O contacts are computed to be the main stabilizing
interaction and provide an interaction energy of —64.9 kcal
mol~!, which is three times the stabilization of the porphyrin—
Cg interaction in good accord with the experimental trends
discussed above (Scheme 3). The binding energy obtained
from the sum of these three supramolecular interactions
(—91.2 kcalmol ') is pretty close to the total association
energy computed for [1-Zn-3] (—92.8 kcalmol ') supporting
the validity of the analysis performed.

Calculations evidence the charge transfer from the axial
Cy ligand to the metal center since the positive charge of the
metal decreases in passing from 1-M to [1-M-3] (see
Table S3). This effect is especially important for [1-Co-3]
(0.20e) due to the participation of the Co-d: orbital in the
half-filled HOMO (see Figure S15), and determines the larger
red shift observed for this complex in the UV/Vis spectrum
(see above). The fullerene guest is therefore acting as a donor,
giving electron density to the metal and, at the same time, it is
also acting as an acceptor receiving electron density from the
porphyrin macrocycle through the m—m interaction between
both fragments (see TableS3).
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Keeping in mind that Cg, interacts with the porphyrin
moiety mainly through the electron-rich [6,6] double bonds,
we modeled a simplified system (MP-C,H,) in which the
pristine porphyrin (MP) interacts with a molecule of ethylene
(Figure S13). This reduced model allows performing more
accurate calculations to better understand the relative
stabilization of the different associates when varying the
metal in the porphyrin.

Geometry relaxation of the porphyrin—ethylene complex
at the PBE0-D3/cc-pVTZ level led to a minimum-energy
conformation in which the ethylene stands parallel to the
porphyrin plane with a C,, molecular symmetry (Figure S13).
A clear correlation between the calculated binding energies
and metal-cthylene distances is now obtained, because the
shorter the distance along the series NiP-C,H, (3.18 A) -]
CuP-C;H, (3.00 A)>ZnP-C;H;, (2.75 A) > CoP-C,H,
(2.62 A) is, the larger is the stabilization of the complex
(Table 3). In comparing the 2HP-C,H, and CuP-C,H, com-

Table 3: Binding energies, metal-ethylene distances, and natural pop-
ulation analysis (NPA) charges of the porphyrin central atom (M = 2H,
Co, Ni, Cu, Zn) calculated at the PBE0-D3 /cc-pVTZ level of theory for the
simplified perphyrin—ethylene associates.

Complex  Ey4 [kcalmol™"] M-ethylene distance [A] M net charge [e]
2HP-C;H, —4.636 2.986 +0.942
CoP-C;H, —8.534 2619 +0.720
NiP.C,H, —4.530 3177 +0.733
CuP-C;H, —5.965 2.997 +1.006
ZnP-C,H, -8.047 2.749 +1.223

plexes, which have similar M-ethylene distances, the larger
association energy computed for the latter suggests that the
presence of the metal favors the stabilization of the complex
by approximately 1.5 kcalmol '. The M-C,H, distance com-
puted for the CoP-C;H, associate (2.62 A) is significantly
longer than that obtained for the [1-Co-3] complex at the B97-
D/6-31G* level, and is in good accord with previously
reported M-Cy, distances for Co-based porphyrin—fullerene
associates.

The net charge calculated for the metal atom increases in
going from CoP-C,H, (+0.720¢) to ZnP-C,H, (+1.223¢)
(Table 3) and, in a first approach, can be related with the
stabilizing electrostatic interaction between the porphyrin
and the fullerenc guest. However, as discussed here in the
following, additional contributions to the binding energy
provoke a nonlinear correlation between the net charge of the
porphyrin central atom and the total association energy.

Symmetry-adapted perturbation theory (SAPT)? calcu-
lations were performed for 2HP-C,H,, NiP-C,H,, and
ZnP-C,;H, to decompose the total binding energy into
electrostatic, exchange, induction, and dispersion energy
components (Table 4). SAPT decomposition was not per-
formed for CoP-C,H, and CuP-C,H, because it is not
available for open-shell systems. A stabilization in the
electrostatic term of more than 10 kcalmol ' is predicted in
passing from NiP-C,H, to ZnP-C,H, because of the shorter
M-ethylene distance and the larger positive charge held by
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Table 4: Energy decomposition (in kcalmol ') calculated at the SAPTO/
def2-TZVP level for closed-shell porphyrin—ethylene systems with
M=2H, Ni, Zn.

2HP-C,H, NiP-C;H, ZnP-C,H,
electrostatic —2.794 —5.277 -16.212
exchange 7.046 8.605 22.101
induction —0.690 —0.728 —3.900
dispersion —7.033 —7.055 —10.521
TOTALM —3.472 —4.455 —8.532

[a] Total SAPTO energy is corrected according to the spin-component
scaling approach.

the metal atom in ZnP-C,H, (Table 4). The same rcasoning
cannot be applied to ZHP-C,H,, for which the large positive
charge accumulated in the H atoms is not translated into
a high electrostatic stabilization due to the comparatively
small size of the H atoms. The exchange interaction contrib-
utes positively to the final association energy and is computed
to be much larger for ZnP-C,H, than for 2HP-C,H, and
NiP-C,H, (Table 4). The shorter metal-ethylene distance and
especially the larger atomic size of Zn magnify the value of
this repulsive interaction. The induction term is meant to
decrease cxponentially with the distance between the two
interacting moieties. In ZnP-C,H,, for which the M—ethylene
distance is significantly smaller and the Zn atom bears
a relatively large positive charge of +1.22e, the induction
term is computed to be non-negligible (—4 kcalmol '). For
the other two systems, this stabilizing term is less than
1 kcalmol .

Finally, the dispersion energy is computed to be the largest
stabilizing contribution in 2HP-C,H, and NiP-C,H,, and it
stabilizes the ZnP-C,H, complex in more than 10 kealmol™
(Table 4). Absolute binding energies at the SAPTO level
(2ZHP-C,;H,: —3.472 kcalmol !, NiP-C,H,: —4.455 kcalmol !,
ZnP-C,H,: —8.532kcalmol ') nicely match the values
obtained at the PBE0-D3/cc-pVTZ level (Table 3) except
for ZHP-C,H,, which is now computed to be slightly less stable
than NiP-C,H, in better accord with the experimental
evidences. Theoretical calculations therefore suggest that
the energy term that mainly contributes to the stabilization of
the 2HP-C,H, associate is the dispersion component. In the
metal-based porphyrin complexes, the electrostatic contribu-
tion acquires a major role, especially for ZnP-C,H,, for which
M-ethylene distances are shorter and the metal bears a larger
positive charge.

In conclusion, a new series of supramolecular cup-and-
ball complexes has been prepared to evaluate the impact of
the metal moiety in the porphyrin—fullerene interaction. The
high binding constants obtained for [1-M-3] and the large EM
of [1-Zn-3] (3.16 M) evidence the nice complementarity of m—mx
and ammonium-crown ether interactions in the self-assembly
of the dyads. Further electrochemical and computational
studies were also performed. The combination of the
experimental and in silico results clearly show that, whereas
-7 interactions are governed by dispersion forces in free
base porphyrins, they arise both from electrostatic and
dispersion interactions in metalloporphyrins.
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ABSTRACT: Two new conjugated porphyrin-based systems
(dimers 3 and 4) endowed with suitable crown ethers have
been synthesized as receptors for a fullerene-ammonium salt
derivative (1). Association constants in solution have been
determined by UV—vis titration experiments in CH,Cl, at room
temperature. The designed hosts are able to associate up to two
fullerene-based guest molecules and present association constants
as high as ~§ x 10® M. Calculation of the allosteric cooperative
factor a for supramolecular complexes [3+1,] and [4+1,] showed a
negative cooperative effect in both cases. The interactions
accounting for the formation of the associates are based, first,
on the complementary ammonium-crown ether interaction and,
second, on the 7—7 interactions between the porphyrin rings and

the C4, moieties. Theoretical calculations have evidenced a significant decrease of the electron density in the porphyrin dimers 3
and 4 upon complexation of the first Cg4; molecule, in good agreement with the negative cooperativity found in these systems.
This negative effect is partially compensated by the stabilizing C4—Cg interactions that take place in the more stable syn-

disposition of [4-1,].

Bl INTRODUCTION

In recent years, a large variety of porphyrin-fullerene dyads has
been studied in the search for efficient charge- and energy-
transfer processes of interest in the area of artificial photosyn-
thesis and organic photovoltaics.' Although greater efforts have
been devoted to the study of covalent hybrids, supramolecular
approaches have also been developed. Thus, supramolecular
porphyrin-fullerene associates have been built up by z—x
interactions,” in particular with porphyrin tweezers and cages,’
metal—ligand bonds,* hydrogen bonds,” electrostatic inter-
actions,” mechanical bonds,” or a combination of several of
these interactions.” Supramolecular arrays involving conjugated
multiporphyrin systems are, however, scarce in the literature.
Some of us have studied different conjugated polytopic
porphyrin receptors with two up to 10 porphyrin subunits.”
In those systems, a positive cooperative supramolecular effect
was encountered and rationalized by the existence of favorable
m—rn interactions between the different fullerene moieties
interacting with the porphyrin rings. However, in such systems
the porphyrin subunits behaved independently, as demon-

< ACS Publications  © 2016 American Chemical Society

15359

strated by comparison of the absorption and emission spectra
of the polytopic receptors with those of the corresponding
monotopic porphyrin system. On the other hand, Tashiro and
Aida studied the supramolecular interaction of a cyclic receptor
formed by two fused porphyrin dimers and Cm‘m This receptor
was able to complex one unit of Cgy, while the introduction of a
second fullerene moiety was hindered by a strong negative
cooperative effect. In this case, the electronic communication
between the two fused porphyrins causes a decrease of the
affinity of the receptor toward the second Cg unit.

Herein we report the synthesis of two new ditopic porphyrin
receptors for Cg (3 and 4), appended with crown ether
moieties, to study their complexation with the ammonium salt
Cgo derivative 1'' (Figure 1). The ammonium-crown ether
interaction provides a recognition motif for the supramolecular
complexation of two fullerene moieties. While in system 3 the
two porphyrins are almost orthogonal, they are fully conjugated
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Figure 1. Monoporphyrin 2 was used to obtain host molecules 3 and
4, which were then complexed with guest molecule 1.

in the planar fused compound 4. Theoretical calculations were
carried out to understand the nature of the interactions
controlling the association processes with special attention to
the cooperative effects experimentally evidenced for these
systems. For both porphyrinic receptors, the combination of
ammonium-crown ether interactions with fullerene-porphyrin
interactions provided very stable supramolecular ensembles and
negative cooperative effects have been evidenced for the
binding of the second fullerene-ammonium salt 1. Actually, the
intramolecular Cgy-porphyrin interactions of the first guest
molecule substantially reduce the electron density in the
porphyrin dimers 3 and 4 and thus intramolecular interactions
of the second fullerene guest with its porphyrinic receptor are
less favorable, Interestingly, this effect is however stronger for
compound 3, despite the reduced electronic communication
between the two porphyrinic moieties when compared to
porphyrin tape 4. The negative cooperativity resulting from the
fullerene-porphyrin interactions may be partially compensated
by additional stabilizing interactions between the guest Cg,
units in the complex formed with 4.

B RESULTS AND DISCUSSION

Synthesis. Porphyrin dimer 3 was obtained by Ag(I)-
promoted oxidative meso—meso coupling of monoporphyrin 2*
in CHCI,, The proposed mechanism for this reaction is based
on the initial one-electron oxidation of a porphyrin unit by
AgPF, followed by the nucleophilic attack of another neutral
porphyrin molecule and its subsequent dehydrogenation.'* ‘H
NMR analysis of the crude reaction mixture after the reaction
evidenced the appearance of a signal at —2.92 ppm,
corresponding to the partial demetalation of the porphyrin
subunits. Therefore, the mixture was treated with a Zn(II) salt
to ensure full metalation. Purification of the product was easily
achieved by gravity-fed chromatography and gel permeation
chromatography due to the good solubility of this derivative,

with an orthogonal conformation hampering aggregation by
7—x stacking between molecules.

Triply fused porphyrin tape 4 was obtained in an efficient
manner using more oxidative conditions, i.e, Sc(11I)-catalyzed
oxidation of porphyrin 2 with 2,3-dichloro-5,6-dicyanobenzo-
quinone. As in the previous case, the reaction was followed by
treatment with a Zn(II) salt to ensure full metalation of the
product (Scheme S1 in the Supporting Information).

NMR Characterization. 'H NMR spectroscopic analysis of
the aromatic region of dimer 3 provided valuable information
on its structure. To start with, the characteristic meso proton
signal of porphyrin 2 at ~10.3 ppm, strongly deshielded by the

aromatic ring current, was no longer present (Figures 2ab).

+ 60 deg

< 70eg
180 deg

+ 90 deg

+100 deg

Figure 2. NMR characterization of compound 3. 'H NMR (CDCl,,
400 MHe, 298 K) of monoporphyrin 2 (a) versus meso—meso dimer 3
(b) and (c¢) 'H NMR variable temperature experiments
(CICD,CD,Cl, 400 MHz, 30—100 °C).

Also, inner pyrrolic protons were shifted upfield by 0.85 ppm,
in good agreement with an approximate perpendicular
arrangement of both subunits, where the ring current of one
porphyrin moiety affects the protons of the other moiety.'*
Additional through-space correlation NOESY experiments
enabled full assignment of all the protons in the aromatic
region (Figure S1, Supporting Information).

Variable temperature 'H NMR studies of 3 (Figure 2c)
evidenced the presence of a chiral axis across the porphyrin-
benzocrown ether bond. Heating the system led to an increase
in its kinetic energy and, thus, the benzocrown ether moieties

DOI: 10.1021/jacs.6b07250
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started to rotate around the porphyrin-phenyl bonds, over-
coming their steric hindrance. The rotational barrier was
estimated to be ca. 17 kecal-mol™* (Figure S2) in line with other
experimental measurements on phenyl porphyrins.'* As a result
of the heating, all pyrrolic protons in the porphyrin were then
equally affected by the crown ether, changing the apparent
symmetry of the system and reducing the complexity of the
spectra. This is evidenced by the appearance of two clear AB
systems in the pyrrolic region. A similar effect was observed in
the signals corresponding to the crown ether moiety (Figure
$3). Rotation around the porphyrin-porphyrin bond is not
possible at the measurement conditions due to the higher steric
hindrance as will be further demonstrated with UV—vis spectra.

NMR characterization was not possible for molecule 4 due to
the appearance of very broad signals, probably as a result of the
formation of aggregates. However, its characteristic absorption
spectrum, together with its MS spectrum, allowed us to
unambiguously characterize the product.

UV—Vis Characterization, The UV—vis absorption spec-
trum of molecule 3 corresponds to that of a typical meso—meso
dimer,""'* with a large splitting of the Soret band due to
exciton coupling and a Q-band modestly shifted toward the red
in comparison with 2, suggesting that each of the porphyrin
subunits retains its monomeric electronic character.”” In
contrast, dimer 4 exhibits the characteristic absorption
spectrum of a triply fused porphyrin tape, with no splitting of
the Soret band and the appearance of a low-lying broad band
reaching the 1000 nm region (Figure 3).

3,0x10°

2,5%10° -

2,0x10°

=]
S

T T T
400 500 800 700 800 900 1000 i
Wavelength (nm)

Figure 3. UV—vis spectra of 2 (1.9 % 107° M, red), 3 (4.7 X 10°° M,
blue), and 4 (1.1 X 1075 M, green) in CH,Cl,.

Variable temperature absorption measurements (25-95 “C
in PhCl) on porphyrin dimer 3 did not show any clear evidence
of r&taﬂon around the porphyrin—porphyrin bond (Figure
S4).

In order to rationalize the changes observed in the UV—vis
spectra in passing from 2 to 3 and 4, singlet excited states (S,)
were computed at the B3LYP/(6-31G**+LANL2DZ) level'’
using time-dependent density functional theory (TD-DFT)'®
(see the Supporting Information for full computational details).
Table S1 summarizes the most relevant electronic transitions
that give shape to the absorption spectra of 2—4. For 2, the
electronic transitions to the two low-lying singlet excited states
(S, and S,) are computed about 550 nm. These transitions are
weak, with oscillator strengths (f) of 0.045 and 0.025,

respectively, correspond to electronic excitations locally
centered on the porphyrin core, and give rise to the Q-band
observed experimentally at 548 nm. In addition, states S5 and S¢
computed around 380 nm are responsible for the Soret band
observed at 400 nm. The electronic transitions to S5 and Sg
possess high oscillator strengths of 1.565 and 0.831,
respectively, and also imply electronic excitations mainly
located on the porphyrin core (Table S1 and Figure S8).
Moving to the porphyrin meso—meso dimer 3, the electronic
transitions to the S, and S, states associated with the Q-band
are computed at slightly higher wavelengths (in the 570 nm
region) due to the small electronic interaction between the two
porphyrin moieties that causes a narrowing of the HOMO—
LUMO energy gap from 2.71 eV in 2 to 2.55 eV in 3 (Figure
$8 and §10). The Soret band, originating now in the S ; state (f
= 1.577), is also red-shifted in comparison with 2. Interestingly,
TD-DFT calculations predict an intense S); excited state (f =
1.022) lower in energy than S;; and computed at 475 nm,

h renroduces the splittine of the Soret band and the peak

N reproquces the spatting of the Sorel dand and the peak

whi

experimentally observed at 460 nm. This state originates in an
electronic excitation of the porphyrin moieties with no
implication of the peripheral benzene rings or the crown
ether groups.

For porphyrin tape dimer 4, the two lowest-lying electronic
transitions associated with the S, and $, states are computed in
the 960—970 nm range (Table S1). These two meoderately
intense transitions (f = 0.312 and 0.089, respectively) originate
in porphyrin-centered excitations and give rise to the new
broad band observed for 4 in the 800—1100 nm range. Their
low energy is due to the complementarity of the two fused
porphyrin moieties with an efficient z-conjugation between
them, which results in a destabilization/stabilization of the
HOMOs/LUMOs and, therefore, in a drastic decrease of the
HOMO-LUMO gap (1.55 eV, Figure S10). States S; and Sy,
computed in the 520—560 nm range give rise to the typical Q-
band, which is notoriously more intense than in 2 and 3 as
predicted by the oscillator strengths obtained for S, (1.150)
and S,, (0.874). The peripheral benzene rings participate in
these states that mainly correspond to the excitation of the
porphyrin cores (Table S1 and Figure $9). Finally, several
intense transitions are computed in the 385—395 nm region,
which give rise to the broad peak observed at 400 nm for the
Soret band (Figure 3).

Compiexation Studies. Supramoiecular ensemblies were
built up by adding increasing quantities of fullerene derivative 1
over the corresponding porphyrin dimers 3 and 4 in CH,Cl, at
room temperature (Schemes 1 and 2). Complexation was
followed by monitoring the induced UV—visible spectroscopic
changes. In the case of dimer 3, it resulted in a red shift of the
Soret bands (4, g, = 422 — 427 nm; 4, = 458 — 463 nm),
evidencing the presence of intermolecular #—x interactions
between the host and the guest (Figure 4).** A similar behavior
was found for the Soret band (4, y,,x = 416 — 426 nm), the Q-
band (4, = $78 nm — 581 nm), and also the red-shifted
absorption bands (43, = 917 = 941 nm; A, = 1042 —
1063 nm) of porphyrin tape 4 (Figure 5).

A 1:2 stoichiometry was foreseen for both 3 and 4 based on
the design of the host molecules and the results previously
obtained for the analogous monoporphyrin system [2:1].%
This was further corroborated by EST MS for a 1:2 mixture of
porphyrin dimer 3 and methanofullerene 1 in CH,Cl,, which
exhibited a double charged ion peak at m/z 2461.0, ascribed to
the 1:2 complex after loss of the trifluoroacetate (TFA)

DOI: 10.1021/jacs.6b07250
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Scheme 1. Supramolecular Complexes Obtained from
Building Blocks 3 and 1

HysC 120, 9 o

fﬁg&]
HxCr20 4 PR ’@;
Ar / 3

-

counteranions (Figure §5). A similar result was obtained in the
ESI-MS analysis of a 1:2 mixture of porphyrin tape 4 and 1
(Figure $6). The peak corresponding to the 1:1 complex was
not detected under these conditions in any case, suggesting that
1:2 complexes are the most abundant species in the analyzed
solutions.

It is important to note that, in spite of being formed by a
myriad of internal micro equilibria leading to semicomplexed
species (Scheme S2), the complexation of 3 and 4 by 1 can be
simplified in the two-steps processes sketched in Schemes 1 and
2 (see also Scheme S2b). This is possible due to the high
effective molarity found for the analogous [2+1] system (3.16
M™") evidencing its tendency toward ring-closing under the
conditions employed.”” Nonlinear curve fitting to a 1:2 model
yields the association constants (K,) summarized in Table 1. In
the case of the complexes formed with porphyrin tape 4, curve
fitting was better when performed over the region around 750—
1100 nm than over the Soret bands region.

Analysis of the Cooperativity. First evidence of
cooperative behavior in the supramolecular complexes formed
by 3—4 and 1 arise from the shape of the binding isotherms
found for both systems, which are not the rectangular
hyperbola expected for a noncooperative system (insets in
Figures 4 and 5). Further quantitative analysis can be made if
we consider that, even if each of the porphyrin subunits exhibits
chelate cooperativity, interactions between subunits can be
considered as allosteric (Scheme S2). Therefore, an approx-
imation to the allosteric cooperative factor a can be calculated
for these systems.

For [3-1,], @ was estimated by eq 1, where K = Kj. The
value obtained (0.0005) was much lower than unity, thus
clearly pointing to a negative cooperativity, ie., the complex-
ation of the first molecule of 1 leads to a complex where it is
more difficult to complex a second equivalent of 1. This result
can be in principle explained by invoking the electronic
communication between porphyrin moieties, according to

Scheme 2. Supramolecular Complexes Obtained from
Building Blocks 4 and 1

&LD_) Ar 4-1] Ar

Ar

AT [4150-syn
and/or

0 OR
[4-1,]-anti

1.2+
0.00 —422m
o 005 458 nm
g -0.10-
- Z-0.15
] -0.20
= -0.25
g -0.30
£ 0246 810121416
§ [3]x 10° M
< 0.4
0.2
00 ; -

4%0 500 550 660
Wavelength (nm)

Figure 4. UV—vis spectral changes observed during the complexation
of porphyrin dimer 3 (4.72 X 107 M) by addition of 1 (0—3.4 equiv)
in CH,CI, at room temperature. Inset shows the binding isotherm of
the Soret bands.

which complexation of a first fullerene molecule by a porphyrin
subunit would deplete the electronic density of that porphyrin
and its neighbor’s, thus decreasing the affinity of the latter
toward fullerenes. However, the electronic communication
between the porphyrin moieties in 3 is low due to their
orthogonal disposition as evidenced above by the UV-—vis
spectra and the theoretical calculations.

DOI: 10.1021/jacs.6b07250
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Figure 5. UV—vis spectral changes observed during the complexation
of porphyrin tape 4 (1.18 X 107 M) by addition of 1 (0-10.5 equiv
by 0.7 equiv steps) in CH,Cl, at room temperature. Inset shows the
binding isotherm of the low-energy bands.

abie i. Stepwise Association Constants for [3-i,] and [4

log K, + 30
3 log K, +1
log K + 0.
4 log K’ .8 £ 0.
log K’ 54 +03
5.4
31,] e=%2_ K 100 _ ;40
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The allosteric cooperativity factor obtained for [4-1,] (eq 2)
also evidences a negative cooperativity in the system. In this
case, a very eflicient electronic communication exists between
the porphyrin moieties, and a significant electronic depletion
can be expected for the empty porphyrin unit upon
complexation of one fullerene guest.
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Interestingly, the cooperativity factor obtained for [4+1,] is
80 times larger than that found for [3+1,], suggesting the
existence of other interactions that overcome the electronic
depletion of the porphyrin tape upon complexation of the first
equivalent of 1. As depicted in Scheme 2, complex [4-1,] can
yield two different complexes, [4°1,]-syn and [4:1,]-anti.
Although it is not possible to ascertain which disposition is
preferred in solution by spectroscopic measurements, and steric
hindrance could be expected to be larger for the syn
configuration, the possibility of having additional z—z
interactions between fullerene moieties in [4-1,]-syn, not
existent in [4-1,]-anti, could explain the larger o value
obtained, thus pointing to the syn disposition as the one
preferred in solution. The relative stability of [4+1,]-syn and [4
1,)-anti associates is discussed below on the basis of theoretical
calculations.

Electrochemical Study. The redox potentials of com-
pounds 2—4 and their supramolecular complexes with 1 have
been studied by cyclic voltammetry (CV) and Osteryoung
square wave voltammetry (OSWV) measurements in CH,Cl,
at room temperature. Results are summarized in Table S2 and
Figures S11—516. For compound 2, two quasireversible one-
electron oxidation processes lead to the formation of the

corresponding radical-cation, in which an electron is delocalized
over the porphyrin, and also to the corresponding dication.

Dimer 3 seems to display a behavior close to that of the
corresponding monomer 2 (Table S2 and Figures S11 and
S14). Indeed, the two porphyrin rings are poorly conjugated
and, as a result, the dimer nearly behaves as the juxtaposition of
two monomers. Notwithstanding, some electronic communi-
cation exists between the two porphyrin moieties because the
first two oxidation waves split in two peaks in passing from 2 to
3.

In contrast, the conjugation of the two porphyrin units has a
huge effect on the redox potentials of tape 4 (Table S2 and
Figure $14). Conjugation induces an important lowering of the
first oxidation (E!__ = 0.55 V) and first reduction (E',,, = —0.58
V) potentials as compared to monomer 2 (E',, = 0.87 V and
E'\q = —1.31 V) and to porphyrin dimer 3 (E',, = 0.83 V and
E'Yq = —1.28 V). This trend is supported by theoretical
calculations which predict that the HOMO/LUMO increases/
decreases drasticaily in energy in passing from 2 (—4.73/—2.02
eV) and 3 (—4.63/-2.07 eV) to 4 (—4.31/—2.77 eV). Since the
porphyrin rings are efficiently conjugated in tape dimer 4, the
resulting unpaired electron is delocalized over the two rings,
giving rise to a completely delocalized # radical cation or anion.
Dimer 4 therefore constitutes a single redox entity, and the
HOMO-LUMO energy gap can be associated with the
difference between the first oxidation and first reduction
processes: A'E = E!, — E'.; Thus, dimer 4 provides a
significant decrease in the HOMO—LUMO energy gap as
compared to that of monomer 2 (A’E(monomer 2) —
A'E(tape 4) = 1.05 V), due to the lowering of the first
oxidation potential by 320 mV and of the first reduction
potential by 730 mV. The low electrochemical gap is a direct
result of the more extended 7-conjugation in the planar triply
fused system than in the simply fused 3 or monomer 2.
Calculations predict a decrease of 1.16 eV for the HOMO—
LUMO energy gap in passing from 2 to 4, in good accord with
the value obtained from electrochemical data and literature.'”

In OSWYV, complexation-induced changes are observed in
the porphyrin host molecules 2—4 upon complexation with
guest molecule 1 (see Figures S14-S16). Specifically, a
significant decrease of the intensity of the oxidation waves
below 1.5 V is detected.

It has been previ

It has been previ
influence Cgy reduction potentials, especially its first wave,
upon complexation.”**>" "™ In the particular case of [4-1,], the
Cgo moiety becomes less favorable to reduction upon
complexation, as evidenced by a cathodic shift of 60 mV in
the first fullerene-centered reduction (Table S2 and Figure
S16), thus suggesting an intramolecular fullerene-porphyrin
interaction in [4-1,]. Even though the first apparent reduction
potential of 4 is close to that of the Cg, the change observed in
Figure $16 after addition of 2 equiv of C, clearly evidences this
interaction: two different peaks at —0.56 V and —0.62 V are
clearly distinguishable. The magnitude of the potential shift
observed for 4 after guest complexation (60 mV) is similar to
that found in other supramolecular complexes such as the Zn-
porphyrin sandwich designed by Aida and Saigo.”™* However,
these strong shifts are not always present. Indeed, redox
potentials of fullerene—donor conjugates are generally very
weakly affected by intramolecular 7—7 interactions, even in
cyclic systems in which the two components are forced to be at
the van der Waals contact.”**' Tn our systems, no significant

1iclvy ohgerved that porphvring mav
siy cbserved that porphyrins may
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electrochemical changes are detected for 1 upon complexation
with 2 and 3 (Table S2).

The different electrochemical behavior can be explained on
the basis of tape 4 being a better donor molecule than 2 and 3,
with an E',, 300 mV lower. This is most likely due to the
electronic conjugation across the whole molecule, which may
render the donor—acceptor electron transfer to the Cg, easier,
something in full agreement with the calculation of the net
electronic charges of the [3-1] and [4-1] species (vide infra).
Moreover, the analysis of the cooperativity, which emphasizes
the role of other interactions, indicates a much higher
cooperativity factor for [4+1,] than for [3-1,].

Computational Modeling. Theoretical calculations per-
formed at the DFT B97-D3/(6-31G**+LANL2DZ) level of
theory' ™ were used to provide deeper understanding of the
origin and nature of the intermolecular forces driving the
supramolecular assembly of dimers 3 and 4 with the fullerene-
based compound 1 (see the SI for computational details).

In [3-1], compound 1 in
the positively charged ammonium group forming three N—H---
Of(ether) hydrogen-bond interactions in the 1.83—2.00 A range
(Figure 6a). This interaction has been recently demonstrated to

racts with the crown ether ﬂ_q_mng]_q_

Figure 6. Minimum-energy geometry computed for supramolecular
complexes [3:1] (a) and [3-1,] (b) at the B97-D3/(6-
31G**+LANL2DZ) level of theory. Selected intermolecular distances
are given in A, Hydrogen atoms are omitted for clarity.

be the promoting force in the supramolecular assembly
between guest 1 and related metalloporphyrin-based hosts
with a net stabilizing energy that amounts to —64.9 kcal/mol.*
The fullerene ball of 1 favorably interacts with the porphyrin
core of 3 with short metal--C(Cg,) contacts of 3.14 A. This
interaction originates not only from dispersion forces arising
from long-range electron correlation effects but also from

strong electrostatic effects when considering metal-substituted
porphyrins.* Furthermore, short H--C contacts between the
peripheral tert-butyl-substituted phenyl rings and Cg, are
computed in the range of 2.5-3.2 A, which add approximately
1 keal/mol per each interaction to the final stabilization energy
of the complex. More importantly, the vicinal porphyrin, linked
to the porphyrin that interacts with 1, approaches the fullerene
fragment and gives rise to additional interactions: short H---C
contacts in the 2.7—3.2 A range and a weak m—r interaction
between the peripheral benzene ring and the fullerene. In fact,
the empty porphyrin core is distorted from linearity with
respect to the occupied porphyrin core by approximately 8° to
maximize the interaction with Cg, (Figure 6a). These additional
interactions, which are not present in [2:1], can be a plausible
explanation for the higher experimental association constant
found for porphyrin dimer 3 (log K, = 87 + 14) in
comparison with monoporphyrin 2 (log K, = 69 + 0.2).*
Moving to [3+1,], the second molecule of 1 enters the empty

ilar interactions to those

porphyrin core and defines ilar interactions to those

porphyrin core and defines si
described for [3-1]. The minimum-energy geometry shows
that the two fullerenes tend to approximate each other in order
to stabilize the resulting complex (Figure 6b). Close C--C
contacts between the two Cg, are computed at 3.7 A. Again, the
peripheral di-tert-butylphenyl groups placed on the vicinal
porphyrin moieties play an active role in the stabilization of the
complex with short H--C(Cg,) contacts around 2.8 A and 7—7
interactions at 4.4 A.

The association between porphyrin tape 4 and 1 (Figure 7a)
follows the same pattern as previously described for [3-1]. The
ammonium group is bound to the crown ether forming efficient
short N—H---O(ether) contacts in the 1.94—197 A range. The
fullerene interacts with the porphyrin core and with the di-tert-
butylphenyl groups through metal:--Cg, contacts of 2.87 A and
H-Cy distances in the range of 2.7—3.1 A, respectively. Oddly,
the dimer porphyrin tape becomes curved to better embrace
the fullerene ball and further stabilize the complex. In contrast
to that previously described in [3¢1], the di-tert-butylphenyl
groups of the vicinal porphyrin core are not close enough to
interact with Cg (closest H--C(Cy;) contact calculated at 3.80
A) and, therefore, they do not contribute in the stabilization of
the [4+1] complex (Figure 7a).

The introduction of the second fullerene-based guest 1 into
the [4-1] complex can be achieved in two different ways: the
two fuilerene bails standing in the same side in a syn disposition
([4+1,)-syn), or the two balls located in opposite sides with
respect to the plane generated by the porphyrin tape dimer in
an anti disposition ([4-1,]-anti) (Figure 7b and c). In both
cases, all the previous intermolecular interactions described for
[4-1] exist in the stoichiometric complex 1:2 with short metal---
Ceo contacts in the range of 2.82—2.99 A and ditert-
butylphenyl—Cg, H-C contacts of 2.7-3.1 A. However, by
comparing the anti with the syn complex, an important z—7z
stabilizing interaction arises for the latter due to the fullerene—
fullerene proximity (ring-to-ring distance calculated at 3.46 A).
A recent study on related fullerene-based adducts showed the
key importance of the stabilizing Cg—Cy, interactions,
resulting in an energy differentiation between the syn and anti
dispositions of more than 5 kcal/mol in favor of syn.ls

Single-point energy B97-D3 calculations were performed on
the B97-D3/(6-31G**+LANL2DZ)-optimized geometries by
using the more extended cc-pVTZ+LANL2DZ basis set to
estimate the binding energy (Eyg) for all the supramolecular
complexes (Table 2). The association of one molecule of 1 to
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Figure 7. Minimum-energy geometry computed for [4-1] (a) [4-1,]-
syn (b) and [4+1,]-trans (c) at the B97-D3/(6-31G**+LANL2DZ)
level of theory. Selected intermolecular distances are given in A.
Hydrogen atoms are omitted for clarity.

Table 2. Binding Energies Computed at the B97-D3/(cc-
pVTZ+LANL2DZ) Level for the Host—Guest
Supramolecular Associates with Stoichiometry 1:1 and 1:2

complex Eyng (keal/mol)
[31] —108.19
[3-1,] —211.05
[4-1] —98.40
[41,]-anti —195.46
[4-1,]-syn —200.20

the meso—meso porphyrin dimer 3 leads to a large net
stabilization of —108.19 kcal/mol rising especially from the
N—H---O(ether) contacts and the porphyrin core—Cg
interaction. Additionally, the di-fert-butylphenyl groups con-
tribute to the final stabilization of the complex by
approximately 1 kcal/mol per H--Cg contact (total number
of contacts = 6). Upon the inclusion of the second molecule of
1, Eypq is approximately doubled, reaching a value of —211.05

kcal/mol for [3-1,]. The additional fullerene—fullerene
stabilizing interactions in [3+1,] with respect to [3-1] are
counteracted by the poorer disposition of the balls to interact
with the di-fert-butylphenyl groups of the vicinal porphyrin
moiety that contribute to the stabilization of [3+1].

For [4-1], the binding energy is computed to be —98.40
kcal/mol. This value is 10 kcal/mol lower than in [3-1] due to
the less-eficient interaction with the vicinal empty porphyrin
(compare Figures 6a and 7a). Upon addition of the second
molecule of 1 in an anti disposition ([41,]-anti), E; 4 is
computed at —195.46 kcal/mol, almost twice the binding
energy of [4+1] (Table 2). Finally, a slightly larger stabilization
of —200.20 kcal/mol is obtained for the [4+1,-syn] complex. As
suggested above, the additional Cg—Cgy interaction with a
short 7—m contact calculated at 3.46 A overcomes the steric
hindrance between the two balls and makes the syn complex §
kcal/mol more stable than the anti. This value is in good accord
with the energy difference of 6.36 kcal/mol recently reported in
favor of the cis configuration in a related pentacene-Cg
derivative >

The theoretical values predicted for Ej;,y (Table 2) therefore
indicate that the incorporation of the first guest molecule leads
to a more stable complex for 3 than for 4, and suggest that the
entrance of the second molecule of 1 is more favored for 4 than
for 3. These trends are in accord with the higher association
constant K; obtained for 3 compared to 4, and with the smaller
decrease it experiences for 4 in passing from the 1:1 to the 1:2
stoichiometry (Table 1). A direct correlation between the
theoretical values predicted for E,;,y and the experimental
values of K, is however not straightforward because calculations
do not take into account the desolvation energy needed to form
the complexes in solution.

To help in the rationalization of the experimental values of
the association constants for both the 1:1 and 1:2 complexes
(Table 1), net electronic charges were calculated at the B97-
D3/(6-31G**+LANL2DZ) level for [3:1] and [4+1] using the
natural population analysis (NPA) approach.”* Upon inclusion
of the first 1 molecule, the electron-donor porphyrin dimer 3
transfers 0.19e to the fullerene-based acceptor. The porphyrin
moiety interacting with the Cgy ball accumulates a positive
charge of +0.16e, whereas the vicinal empty porphyrin bears a
residual positive charge of only +0.03e. Moving to [4-1], the

fullerene-based 1 system borrows 0.26e from the porphyrin

dimer. In contrast to [3-1], the Cgpinteracting porphyrin
moiety bears a smaller positive charge of +0.11e compared to
the empty porphyrin fragment (+0.1Se). The efficient 7-
conjugation between the two porphyrin moieties in porphyrin
type 4 explains the charge transfer from one fragment to the
other. Theoretical calculations therefore predict a notable
decrease in the electron density for both meso and tape
porphyrin dimers in the ground state upon complexation of the
first 1 acceptor molecule. The decrease of electronic density
disfavors the entrance of the second guest molecule and
contributes to the remarkable change of the association
constant (log K,), from 8.7 to 5.4 in [3-1,] and from 6.8 to
5.4 in [4-1,], when the second 1 molecule is included to form
the stoichiometric 1:2 complex. For complex [41,], the
stabilizing interactions between the Cg units found for the
more stable cis disposition partially compensate for the negative
effect provoked by the lowered electronic density. However,
other factors such as the steric hindrance provoked by the long
alkyl chains born by the guest molecules should be considered
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to fully justify these trends and the higher negative
cooperativity shown by 3 compared to 4.

B CONCLUSION

In conclusion, we have studied the supramolecular interaction
of porphyrin dimer 3 and porphyrin tape 4, endowed with
crown ether rings, with Cgq derivative 1. The formation of the
complexes is driven by the complementary ammonium-crown
ether H-bonding interactions and the 7—x interactions between
the porphyrin rings and the Cg moieties. Both porphyrin
systems form complexes with 1:1 and 1:2 stoichiometries, and
present a negative cooperativity, showing a decrease of the
binding constants for the complexation of the second fullerene
unit. This fact is justified by the decrease of the donating ability
of the second porphyrin moiety once the first fullerene unit has
been added. In the case of compound 4, the two porphyrins
moieties present a very effective 7-conjugation that allows for a
larger charge transfer between them upon the inclusion of the
first guest molecule. However, this negative effect is partially
compensated by the favorable 7—x interaction between the two
fullerene guests in the more stable syn disposition of [4-1,] and,
therefore, the decrease of the binding constant for the addition
of the second fullerene unit in [4-1,] is not as large as observed
for [3-1,]. The supramolecular arrays studied in this work
constitute singular examples that will help one to better
understand the supramolecular recognition of fullerenes by
porphyrin-based hosts, in the quest for efficient charge- and
energy-transfer architectures potentially useful in artificial
photosynthesis and organic photovoltaics.
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Abstract: Herein, we investigate the association of a fullerene
fragment, hemifullerene CiHp, with an electron-donating
bowl-shaped tetrathiafulvalene derivative (truxTTF). UV/Vis
titrations and DFT calculations support formation of the
supramolecular complex, for which an association constant of
log K,=3.6 £0.3 in CHCl; at room temperature is calculated.
Remarkably, electron transfer from truxTTF to CyH,, to form
the fully charge-separated species takes place upon irradiation
of the associate with light, constituting the first example in
which a fullerene fragment mimics the electron-accepting
behavior of fullerenes within a supramolecular complex.

Thc different nanoforms of carbon!" namely fullerenes,””
carbon nanotubes” and graphene,” each present distinct
extraordinary properties that have attracted a great deal of
attention in different areas of research. Fullerenes, in
particular Cg and its derivatives, have been thoroughly
studied as electron acceptors in fundamental investigations
of photoinduced electron transfer (PET) processes, combined
with a variety of electron donors in covalent and noncovalent
dyads.”) From an application point of view, C, and C,
derivatives are by far the most commonly utilized n-type
semiconducting materials in organic solar cells.”! In the case
of carbon nanotubes, both their mechanical and optoelec-
tronic properties have been cxploited to construct a variety of
devices, including field-effect transistors and sensors!”
Finally, graphene is currently considered to have the potential
to be the “balm of Fierabras” of carbon-based technologies.
Transparent electrodes, extremely sensitive sensors,” super-

capacitors,"” and lightweight high-performance materials!""
have all been postulated as potential applications of gra-
phene.™

Molecular fragments of these carbon nanoforms'™! can
serve as model systems for their investigation, with the added
value of their synthetic availability in pure form with a well-
defined molecular structure. The coordination of metal
cations by fullerene fragments has been thoroughly studied,
and they have also been used frequently to construct
receptors for fullerenes,' but their binding by other organic
hosts has not been investigated thus far. Herein, we present
the first insights into the supramolecular association of
a fullerene fragment (hemifullerene, CyHy,) with a bowl-
shaped electron donor molecule, based on a truxene core to
which three dithiole rings are covalently attached
(truxTTF)."¥ 'The chemical structures of CyH,, and truxTTF
are shown in Figure la.

Several syntheses!'® and two erystal structures™” of hemi-
fullerene C;H,;, were reported a few years ago. In the solid
state, two polymorphs were found, each of which showed
a different packing motif, originating from the interaction
between the C;H;; molecules. In the trigonal polymorph,
bowl-in-bowl columnar stacks were found, an arrangement in
which s—m interactions are maximized (Figure 1b). In the
orthorhombic polymorph, each hemifullerene inserts one of
its six-membered rings into the cavity of a neighboring
molecule, forming dimers in which both CH-n and n—n
interactions play a primary role (Figure 1c). On the other
hand, in truxTTF, a bowl-in-bowl arrangement is prevented
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Figure 1. a) Chemical structures of hemifullerene CyH,; and truxTTF.
b,c) Structures of the dimers formed by CyH,; (C black) in its trigonal
and orthorhombic crystal polymorphs, respectively. d) Structure of the
dimers formed by truxTTF (C gray, S light gray) in its crystal packing.
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by the protruding dithiole rings and, consequently, only the
dimeric form in which one of the aromatic rings of each
monomer is placed inside the cavity of the other is found
(Figure 1d). Because of their concave shape, both CyH;; and
truxTTF are inherently chiral!" consequently, each is
obtained as a racemic mixture of two enantiomers.

Considering the ability of truxTTF to associate ful-
lerenes,"™ " and its electron-donating character, we reasoned
that it should also be able to bind CyH;,, forming hetero-
molecular bowl-bowl complexes. To explore this possibility,
we first carried out density functional theory (DFT) calcu-
lations on four different supramolecular truxTTF-C;H,,
models, which were rationally constructed from the crystallo-
graphic information on both CyH,, and truxTTE. All of the
models proposed were fully optimized using the revPBE0-D3
functional,®” which is capable of capturing the dispersion
effects and is one of the best density functionals to accurately
describe supramolecular complexes governed by n—mn inter-
actions.” The revPBE0-D3 functional has been successfully
applied in the structural and energetic characterization of
related supramolecular nanoarchitectures between a tetra-
thiafulvalene derivative and a graphene sheet model.”

Figure 2 displays the minimum-energy structures (1-4)
computed for the truxTTF-C,,H, heterodimer at the
revPBE(Q-D3/cc-pVTZ level. The most relevant intermolec-
ular distances in 1-4 are given in Figure S1 in the Supporting
Information. The truxTTF-C, associate was also calculated at
the same level of theory (Figure S2). In structures 1 and 2, the
convex surface of the CyH,, bowl perfectly matches the two
concave cavities of the truxTTF host; that is, either through
the cavity formed by the carbon backbone (structure 1) or
through the cavity formed by the central benzene ring and the
three dithiole rings (structure 2). Both structures can be thus
seen as bowl-in-bowl arrangements where n—m interactions
are maximized. The concave cavities of truxTTF and C;,H),
can also interact, giving rise to heterodimers in which either
a benzene or a dithiole ring of the truxTTF molecule is placed
inside the concave cavity of the hemifullerene bowl (struc-
tures 3 and 4, respectively). The optimized heterodimeric
structures 1-4 all show close intermolecular contacts in the
2.5-3.7 A range (Figure $1), which is indicative of the positive
noncovalent interaction between both bowls.
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Figure 2. Minimum-energy structures (1-4) computed for the
truxTTF-CyoH,, heterodimer at the revPBEQ-D3/cc-pVTZ level. For
truxTTF: C gray, S light gray, H white. For C3oH,;: C black, H white.

To assess the strength of the interaction between the
truxTTF and C,;H,;, bowls, association energies for the
previously optimized heterodimers were also calculated at
1evPBEO-D3/cc-pVTZ. The four supramolecular structures
1-4 exhibit significant gas-phase association energies, ranging
from —21.0 and —19.4 kcalmol ' for 1 and 2, respectively, to
—25.2 and —28.5 kcalmol™ for 3 and 4, respectively. The
bowl-in-bowl arrangements are therefore significantly less
stable than the staggered ones. The truxTTF-C, model
system, for which we have experimentally calculated associ-
ation constants in the range of log K, =3-4 in a variety of
solvents at room temperature,'>'” presents an association
energy of —22.1 kcalmol™, which is very close to that
computed for structure 1, owing to the similarity in the
concave—convex interaction.

The electronic properties of the truxTTF-C,,H;, associate
have also been theoretically investigated. Figure S3a sketches
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Figure 3. a) Experimental UV/Vis spectra, as obtained during the
titration of truxTTF (1.7x107*m) with CyH,; (0.8x107° M) in CHCI, at
room temperature. Each addition corresponds to 0.2 equiv. b) TDDFT
simulation of the absorption spectra of truxTTF as the ratio of
truxTTF-CyoH,, increases from 0 to 100% (B3LYP/cc-pVDZ calculations
including CHCI; as solvent).

the highest occupied (HOMO-2 to HOMO) and lowest
unoccupied (LUMO to LUMO +4) molecular orbitals com-
puted at the revPBE0-D3/cc-pVTZ level for the most stable
structure (4) of truxTTF-CsH,,. Similar molecular orbital
distributions are found for the rest of supramolecular
structures 1-3 (Figure 83b). The HOMO, HOMO-1, and
HOMO-2 spread over the electron-donating truxTTF moiety.
In contrast, the LUMO, LUMO +1, and LUMO+2 are
localized on the electron-accepting Ci;H,, bowl, with
LUMO +1 and LUMO + 2 being almost degenerate. Above
LUMO +2, LUMO +3 and LUMO+4 are again concen-
trated on the truxTTF bowl. The nature and energies
calculated for the HOMOs and LUMOs of truxTTF-CyH,,
therefore suggest that photoinduced charge-transfer process-
es from truxTTF to CH,, should take place in the UV/Vis
range.

Encouraged by the results of the theoretical calculations,
we titrated truxTTF (1.7 x 10~*m) with CyH;, (0.8 x 1073 M) in
CHCI; at room temperature. The electronic absorption
spectra resulting from this titration experiment are depicted
in Figure 3a. We observed a decrease in the intensity of the
truxTTF absorption at A=450nm, accompanicd by the
increase of a broad charge-transfer band in the 500-600 nm
region. These spectral changes are analogous to those found
in the titration of truxTTF vs. Cg, albeit with a significantly
less intense charge-transfer feature."! The results of three
separate titration experiments were analyzed with Reactlab
Equilibria software, affording a binding constant of log K, =
3.6+03.

To gain more insight into the electronic nature of the
absorption bands observed experimentally, and their evolu-
tion during the titration experiment, the lowest-energy singlet
excited states (S,) of the truxTTF-C;H,, heterodimer and of
isolated truxTTF were computed using the time-dependent
DFT (TDDFT) approach, taking into account the solvent
effects (see the Computational Details in the Supporting
Information). Only the results obtained for the most stable
structure (4) of truxTTF-CyH;, are discussed. TDDFT
calculations predict the first two excited states S; and S, at
537 nm (2.31¢V) and 516 nm (2.40 ¢V) above the ground
state S, with moderate oscillator strengths (f) of 0.036 and
0.046, respectively. The §;,—8, and §,—S, electronic transi-
tions are mainly described by one-electron promotions from
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the HOMO to the LUMO and LUMO +1, respectively.
These transitions therefore imply a charge transfer from the
electron-donor, truxTTF, where the HOMO is located, to the
clectron-acceptor, CyH;,, where the LUMO and LUMO + 1
are spread (Figure S3a), and are the major contribution to the
charge-transfer band experimentally recorded in the 500-
600 nm range. Other charge-transfer transitions are computed
around 500 nm, but they are less intense (Supporting Infor-
mation, Table S1). At higher energies, the S, (454 nm,
2.73eV), Sy (452 nm, 2.75¢eV), and S;; (445 nm, 2.78 eV)
states are calculated to be very close in energy and present
higher oscillator strengths (0.178, 0.178, and 0.093, respec-
tively). The S;—8,, Sy—Sg, and S;—8;; electronic transitions
mainly originate from the HOMO, HOMO-1—-LUMO + 3,
LUMO +4 one-electron excitations localized on truxTTF
(Figure S3a), and give rise to the absorption band observed at
450 nm. The oscillator strengths calculated for these transi-
tions are significantly smaller than those computed for
isolated truxTTF (0.277, 0.320, and 0.145, respectively).

A TDDFT simulation of the absorption spectra of the
truxTTF chromophore as the amount of truxTTF-C;Hj,
increases from 0 (spectrum of truxTTF) to 100% is shown
in Figure 3b. The simulation clearly reveals that the truxTTF
band decreases in intensity as truxTTF-CyH;, forms. This
decrease is due to the smaller oscillator strengths computed
for the truxTTF-centered transitions in the truxTTF-Cy,H,,
complex. The charge-transfer band associated with the
formation of truxTTF-CyH,, simultancously increases in
intensity. The theoretical simulation is in notable agreement
with the experimental evolution of the absorption spectra,
and supports the formation of the supramolecular donor—
acceptor truxTTF-C, H,, heterodimer.

In addition to the ground-state interactions, we turned to
pump probe absorption measurements to unravel the pro-
cesses following photoexcitation of truxTTF-CyH,, and their
references, truxTTF and CyH,,. Upon 470 nm excitation of
truxTTF, a new transient immediately develops (Figure S4).
Characteristics of the latter arc a marked maximum in the
visible at 530 nm and a broad, featureless transition that spans
all throughout the near infrared. Furthermore, a marked
ground-state bleaching is observed around 450 nm. This
excited state decays rapidly, as in other sulfur-rich electron
donors, with a lifetime of only 1.0 0.1 ps. The short lifetime
is rationalized by the presence of the sulfur atoms, with
a strong second-order vibronic spin-orbit coupling, as it
transforms into a much weaker absorbing state, for which
a lifetime of 20+ 1 ps is detected.

For C;H,,, the singlet and triplet excited states upon
387 nm excitation include transient maxima at 515 and
586 nm(Figure S5). These reflect the singlet excited state
that decays within 11 ns through intersystem crossing to the
energetically low-lying triplet excited state.

Following 470 nm photoexcitation of truxTTF-C,,H,, (1:5
ratio), the differential absorption changes are dominated by
truxTTF-centered features (Figure 4). Within approximately
1.5+0.5 ps, the latter give place, however, to a new transient
with characteristics that include maxima at 440, 475, 495, 530
(sh), and 615 nm, as well as a minimum at 450 nm. Neither
photoexcited CyH;; nor photoexcited truxTTF exhibit differ-
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Figure 4. a) Differential absorption spectra (visible) obtained upon
femtosecond pump probe experiments (470 nm) of truxTTF-CyH,,
(1:5 ratio) in chlorobenzene with time delays of 0.1-55.0 ps at room
temperature. b) Time absorption profiles of the spectra shown in (a)
at 500 (black spectrum), 550 (gray spectrum), 600 (dark-gray spec-
trum), and 650 nm (light-gray spectrum) monitoring the charge
transfer.

ential absorption changes that bear any significant resem-
blance to these data (Figure S4 and S5). Thus, a tentative
assignment of these features implies the formation of
a charge-separated state.

Support for this interpretation comes from spectroelec-
trochemical oxidation and reduction experiments with
truxTTF and CyH;, in ortho-dichlorobenzene, respectively.
For the former, upon applying a potential of +0.8 V versus
Ag wire, maxima at 500 and 615 nm and a minimum at 450 nm
are noted (Figure 5a). Importantly, resetting the potential
back to 0V led to a quantitative recovery of the starting
spectrum. In the context of the latter, a potential of —1.0 V
was chosen, and the differential absorption changes for the
reduced C;,H,, include maxima at 445, 475, 530, and 640 nm,
which are accompanied by a 455 nm minimum (Figure 5b).
Again, these changes were reversed upon resetting the
applied potential back to 0V. As such, the differential
absorption changes upon photoexciting truxTTF-C;H,,
(Figure 4) are in sound agreement with the superimposition
of the spectroelectrochemically initiated oxidation and reduc-
tion of the truxTTF and hemifullerene, respectively. From
multiwavelength analyses we derive rate constants of 6.6x
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Figure 5. Differential absorption spectra (visible) obtained upon spec-
troelectrochemical oxidation of truxTTF (a) and reduction of CyHy; (b)
in deoxygenated ortho-dichlorobenzene containing TBAPF; (0.1 M) with
potentials vs. Ag wire of 4 0.8 and —1.0 V, respectively.

10" and 1.0x10"s™' for the charge separation and charge
recombination dynamics, respectively.

To better understand the spectroelectrochemical data
recorded for the truxTTF and CyH,, fragments, the theoret-
ical absorption spectra of the singly oxidized truxTTF"" and
singly reduced CyH,, species were computed. The spectra
calculated for the ncutral species were subtracted from the
spectra of the oxidized/reduced systems to obtain a theoretical
simulation of the differential absorption spectra (Figure S6).
For the truxTTF fragment, the predicted spectrum (Fig-
ure S6a) is in excellent agreement with the experimental
spectrum (Figure 5a). The long tail over 550-800 nm origi-
nates from electron promotions from high-energy, doubly
occupied molecular orbitals to the single-occupied molecular
orbital (SOMO) (doublet states Ds to D). The peak observed
at 500 nm is due to higher-energy excitations (states D, to
D,s), where SOMO —LUMOs transitions are involved. The
steep slope experimentally recorded at around 480 nm is
nicely reproduced by the theoretical simulation and originates
from the proximity in energy of the intense excitation to the
doublet state Dy; in the cation and the excitation to the singlet
state S, in the neutral species. The two-peak bleaching in the
400-450 nm region is due to the intense transitions (S-S, and
S+-S;) of neutral truxTTF counterbalanced between them by
the intense doublet excitation (D,,) in the cation. For the
hemifullerene fragment, the theoretical simulation (Fig-
ure S6b) is in worse agreement with the experimental
spectrum (Figure 5b) because the most intense band is
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calculated too high in energy. The lower-energy band
appearing at 600-700 nm corresponds to doublet excitations
(D;=Ds) from the SOMO to higher-unoccupied molecular
orbitals. The near-degeneracy of the LUMOs in neutral
CyH,, is the origin of these low-energy transitions. Otherwise,
the main features experimentally observed above 420 nm are
assigned to doublet transitions (Dg to D,g) implying electron
excitations from doubly occupied molecular orbitals to the
SOMO.

In summary, we have corroborated the association of
a fullerene fragment, namely hemifullerene C;H;,, with
a bowl-shaped electron-donor, truxTTFE. The association was
investigated experimentally through UV/Vis titrations. To this
end, changes in the absorption spectra, most notably
a decrease in the truxTTF absorption and the formation of
a weak charge transfer band, are clearly indicative for the
truxTTF-C3,H,; heterodimer in solution. Quantitatively, we
calculated a binding constant of log K, =3.6 + 0.3 in CHCI, at
room temperature, which is comparable to that found for the
association of truxTTF with Cg,. Calculations at the revPBEO-
D3/cc-pVTZ level of theory supported the noncovalent
interactions between truxTTF and C;H,,: providing insight
into the possible structure of the heterodimer and the nature
of the changes observed during the UV/Vis titration.

Remarkably, femtosecond pump-probe experiments
reveal the formation of a transient species that corresponds
to a charge-separated truxXTTF*-CyH,;,"™ state. Overall, the
latter assignment was backed by both spectroelectrochemical
measurements and theoretical calculations. Analysis of the
time evolution of these features afforded rate constants of
6.6x10" and 1.0x10"s™" for the charge separation and
charge recombination dynamics, respectively. This is the first
example of a fullerene fragment mimicking the charge
transfer behavior of Cg), which paves the way to the study
of other related known fullerene fragments, thus opening
a new avenue for these electronically less-known carbon-
based materials.
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Abstract: The association behavior of an electron-donating, bowl-
shaped, (truxTTF)
corannulene-based fullerene fragments —CsH;, and CagHy— is
investigated in several solvents. Formation of 1:1 complexes is
followed by absorption titrations and complemented by density
functional theory (DFT) calculations. The binding constants are in
the range of log K, 2.9-3.5. DFT calculations reveal that the
conformation in which the 1,3-dithiole ring of truxTTF is placed inside
the concave cavity of the corannulene derivative is the most stable
arrangement. This arrangement is confirmed experimentally by NMR
measurements and implies the combination of n=—n and CH-n
interactions as the driving force for association. Time-dependent
DFT calculations reproduce the experimental UV-vis titrations and
provide a detailed understanding of the spectral changes observed.
Femtosecond transient absorption studies reveal the processes
occurring after photoexcitation of either Cs;Hyz or CsygHya and their
supramolecular associates with truxTTF. In the case of
truxTTF+CysHq4, photoexcitation yielded the charge-separated state
truxTTF"*CsgHaa~ with a lifetime of ~160 ps.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent a large
family of molecular building blocks based on multiple fused
aromatic rings."® When PAHs are formed solely by fused
benzene rings, their structure remains planar, except in
helicenes™® or highly strained cyclic derivatives.” When
PAHSs feature five-membered rings as part of their structure, they
adopt non-planar equilibrium geometries. In an extreme scenario,
spherical fullerenes evolve upon embedding twelve five-
membered rings into a PAH structure. Notably, any number of
five-membered rings below twelve produces bowl-shape
molecules, or "buckybowls”.[213

The fact that the concave and convex surfaces of
buckybowls, on one hand, and their edges, on the other hand,
are readily available for reactions offers intriguing possibilities in
chemistry. The convex surface often shares reactivity patterns
similar to those seen for fullerenes. For example, when CzsHi2,
the smallest fullerene fragment featuring a [6,6] double bond, is
treated under 1,3-dipolar cycloaddition conditions, carbine
additions or nucleophilic addition of MeLi, it exhibits reactions as
found for [60]fullerene, that is, addition reactions at the central
[6.6] ring junction. If it is subjected to Friedel-Crafts alkylation
conditions, CzsHi2 behaves like an ordinary PAH, namely
reacting at the double bonds located at the edges.'" More
complex is the scenario when more than a single type of [6,6]
double bond is present in the buckybowl. For example, when the
larger circumtrindene  (CasHiz)™  undergoes 1,3 dipolar
cycloaddition conditions, the process is site-selective for [6,6]
bonds located at the point of greatest curvature."! As a matter
of fact, this chemical reactivity resembles that observed for Cyo.
Co shows five types of [6,6] bonds, but only a and B isomers are
typically detected under Prato reaction conditions, with a large
preference for the a isomer. In some rare cases, traces of the y
isomer are also observed."®!
Buckybowls also show very rich coordination chemistry. It may
take place at either the concave or the convex face yielding
endo and exo complexes, respectively.' The first structurally
characterized corannulene complex was [(Cp*Ru)zu?-n?, n°
CaoHi0)]?*, reported by Rabideau and co-workers.!"® To this end,
two (Cp*Ru)* are bound to non-adjacent arene rings on opposite
sides of the corannulene. Notably, nf-coordination causes
reduction of the curvature and, in turn, a flattening of the
corannulene. Concave-selective coordination is also possible —
[CpFe(sumanene)]* was the first example reported.“g'

Buckybowls have been targeted as molecular building blocks
towards more complex carbon nanoforms, like carbon



nanotubes.? In particular, buckybowls serve as seeds, from
which carbon nanotubes of a specific chirality are grown.l?"l
Finally, and most importantly, buckybowls show unique
electronic properties, often in between those of flat PAHs and
fullerenes, which can be skilfully exploited for organic electronics
applications. 2223

With regards to supramolecular chemistry, buckybowls have
been thoroughly studied as hosts for fullerenes owing to their
shape complementarity.?*? The association of buckybowls by
other organic hosts has, however, hardly been investigated. We
recently described the association of a fullerene fragment,
hemifullerene CsoHqz, by an electron-donating, bowl-shaped
tetrathiafulvalene derivative (truxTTF) in which three 1,3-dithiole
rings are attached to a truxene core (Chart 1) 7! The stability of
the associate was remarkable, with an association constant of
log Ko = 3.6 + 0.3 in CHClIs at room temperature. Moreover, we
demonstrated photoinduced electron transfer from truxTTF to
CiHiz to form the fully charge-separated species, which
constituted the first example in which a buckybow! mimicked the
electron accepting properties of fullerenes within supramolecular
complexes.?”

In contrast to hemifullerene CsoHi2, the recently reported
larger CszHyz and CsgHy4 buckybowls (Chart 1) are corannulene-
based fragments of [60] and [70]fullerene, respectively.[282%
Such a difference in core aromatic structure is likely to be
accompanied by fundamental differences in terms of electronic
properties.

Here, we demonstrate that truxTTF forms heteromolecular
associates (log Ka = 3) with CszH1» and CssHis in a variety of
organic solvents. Density functional theory (DFT) calculations
showed several different approximations of the heteromolecular
complexes, all with favourable interaction energies, but only one,
the staggered arrangement, with a significant negative free
energy of complexation. NMR experiments confirmed the
formation of staggered structures for both heterodimers in
solution.  Spectroelectrochemical and transient absorption
studies reveal that photoinduced electron transfer (PET) takes
place in truxTTF+CssHia, thus showing that corannulene Tr-
extended derivatives resemble the electronic behaviour of

[60]fullerene.

truxTTF

32

Chart 1. Chemical structure of truxTTF, Cs:Hi> and CagHaa.

Results and Discussion
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The synthesis and the comprehensive characterization of
ruxTTF BT CyHppP and  CigHia%29 have been reported
elsewhere. Very briefly, truxTTF was synthesized from
commercially available truxenone via a three-fold Horner-
Wadsworth-Emmons olefination with the adequate dithiole
phosphonate ilyde. The highly strained CizH1z and CssHia were
synthesized from the adequate planar fluoroanthene derivatives
through Pd-catalyzed C-C coupling reactions.

Based on our previous experience with hemifullerene CsoH1z,
we expected the larger Cs;H;; and CagHis to associate with
truxTTF in a similar fashion. To test this hypothesis, we begun
by investigating the supramolecular interaction in silico, through
dispersion-corrected DFT calculations. There are four different
ways in which truxTTF and Cs;H1» can interact with each other
These four-modeled configurations are depicted in Figure 1.

In 1 and 2, the convex surface of Cs;H1» perfectly matches
the two concave cavities of the truxTTF host. In particular, either
through the cavity formed by the truxene core —structure 1- or
through the cavity formed by the three 1,3-dithiole rings and the
central benzene ring of the truxene core —structure 2. Both are
best described as bowl-in-bowl arrangements, where -
interactions are maximized. The concave cavities of truxTTF and
CszHqz can also interact giving rise to heterodimers in which
either a benzene or a dithiole ring of truxTTF is placed inside the
concave cavity of the corannulene-based bowl, resulting in 3
and 4, respectively. These two dispositions resemble the
arrangement found in the crystal packing for the homodimers of
truxTTF and the related CasoHhz, implying a mixture of -1 and
CH-m interactions.’® 32 All the optimized heterodimeric
structures (1-4) show close intermolecular contacts in the 2.5-
3.7 A range (Figure S1 in the Supporting Information), indicative
of stabilizing non-covalent interactions between both bowls.

To assess the strength of the interaction between the
truxTTF and Cs:Hy2 bowls, association energies for the
previously optimized heterodimers were calculated at the
revPBEO-D3/cc-pVTZ level of theory, including the three-body
correction (Easc) to the dispersion interaction (see the
Supporting Information for full computational details). 1-4 exhibit
significant gas-phase association energies ranging from -20.4
and -20.0 kcal/mol for 1 and 2, respectively, to —-24.7 and -29.9
kcal/mol for 3 and 4, respectively (Table 1). The bowl-in-bowl
structures are therefore significantly less stable than the
staggered arrangements.

The supramolecular complexes formed by truxTTF and
CssHia were likewise modeled in several conformations.
Depending on the relative disposition of one moiety with respect
to the other, two bowl-in-bowl (5 and 6) and four staggered (7-
10) conformations were optimized at the revPBEQ-D3/cc-pVTZ
level of theory (Figure 2). 7 and 8 differ from 9 and 10 in a ~90°
rotation of the staggered arrangements. Bowl-in-bowl
arrangements 5 and 6 offer an optimal disposition for
maximizing -1 interactions, with short intermolecular contacts
in the 3.2-3.8 A range (Figure S2. Staggered arrangements 7-
10 are governed by a mixture of - and CH-1 interactions
between the electron donating truxTTF and the electron
accepting CsgH1a, with short intermolecular contacts ranging 2.7-
3.9 A (Figure S2).



The bowl-in-bowl arrangements, in which the convex surface
of CagHis perfectly matches the two concave cavities of the
truxTTF host are represented in 5 and 6. Either 5 =through the
cavity formed by the carbon backbone- or 6 —through the cavity
formed by the central benzene ring and the three dithiole rings—
show favourable interactions with stabilizations of -23.4 and —
21.6 kcal/mol, respectively. The staggered arrangements 7-10
show significantly larger interaction energies. The conformer in
which a dithiole ring of truxTTF is placed inside the concave
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cavity of CagHis is computed to be the most stable arrangement
with —33.5 kcal/mol for 8 and —34.2 kcal/mol for 10 (Table 1).
The interaction energy computed for the most stable
structures of heterodimers truxTTF+CszHiz and truxTTF+CasHia
surpasses the association energy computed for the
hemifullerene-truxTTF  (truxTTF+CsoHi2) heterodimer (-28.5
kcal/mol) at the same level of theory.?”! Theoretical calculations
therefore suggest favourable arrangements in which truxTTF is
merged with corannulene-based CsH;z and CjgHq4 carbon
nanoforms in highly stable supramolecular heterodimers.

Figure 1. Minimum-energy structures (1-4) computed at the revPBEO0-D3/cc-pVTZ level for the most stable conformations of the heterodimer formed by the
CazHrz fullerene fragment with truxTTF (truxTTF-CszHi2). Carbon atoms of the truxTTF are depicted in green, sulfur in yellow, and hydragen in white. Carbon

atoms of Cs2H1 are depicted in red and hydrogen in white.

Figure 2. Minimum-energy structures (5-10) computed at the revPBEO-D3/cc-pVTZ level for the most stable conformations of the heterodimer formed by the
CasHa fullerene fragment with truxTTE (truxTTF-CasH14). Carbon atoms of the truxTTF are depicted in green, sulfur in yellow, and hydrogen in white. Carbon

atoms of CssHi4 are depicted in red and hydrogen in white.
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Table 1. Table Caption. Thermodynamic parameters (in kcal/mol) including association energy (Eassac), free
energy in gas phase (AGgs) and free energy including solvent effects (AGumeo) for the dimerization process.

Theoretical and experimental log K, values are also included.

Heterodimer Eissoc AGgas® AGiea log Katheor® log Kaexp
1F -21.02 -8.27 1143
2' -19.38 -5.98 2.64
truxTTF-CaoHs2™ 37 3.6+ 0.3
a -25.23 -10.88 -2.96
4 —28.52 —14.34 -5.00
1 —20.44 -3.87 5.07
2 -19.97 —4.24 3.67 2.9+ 0.4E
truxTTF+CazH12 3.2 3.2+ 010
3 —24.69 -6.95 0.97 3.3+0.29
4 -29.91 -12.84 -4.29
5 —23.37 —4.32 581
6 _21.63 _3.46 480
7 ~29.09 —9.72 0.51
n
truxTTF+CagH1a 20 I‘?lgf(?;[g]
8 -33.48 -14.39 -3.75 PEE
9 -31.57 -11.71 —2.65
10 _34.24 ~14.94 _4.93

[a] Minimum-energy geometries as used in Ref. 27. Notation 1°-4' refers to systems 1-4 in the original work. [b]
Free energy of complexation including zero-point energy, thermal, enthalpy and entropy corrections. [c] Free
energy of complexation after addition of solvent effects through SMD and chloroform as a solvent. [d] Theoretical
log Ka calculated for the most stable conformer using the AGuear value. [e] Determined in CHCI; as solvent. [f]

PhCI as solvent.. [g] THF as solvent.

In order to provide a more realistic description reflecting
the strength of complexation at room temperature and in
solution, the free energy of the dimerization process was
theoretically estimated for all the possible conformers of
truxTTF-CazHq2 and truxTTF-CssHy4, and compared with that
computed for truxTTF-C3oHy2 (see the Supporting Information
for full computational details). Free energies in gas phase
show that entropic effects are similar for both bowl-in-bowl
and staggered dimers (Table S1). Upon inclusion of solvent
effects (chloroform), the AGeor Values obtained indicate the
same ftrends for the relative stabilities of the different
supramolecular arrangements as predicted by the association
energy (Table 1). Interestingly, only the staggered conformers
provide negative values of AGieor, suggesting that bowl-in-
bowl arrangements might not be formed in solution (Table 1).
For the three buckybowls, the staggered dimers in which the
dithiole ring is placed inside the bowl basin are computed as
the most stable structures, with AGyeor values of —4.29, -4.93
and -5.00 kcal/mol for truxTTF=CszHiz, truxTTF-CsgHqs and
truxTTF+CaoH1z, respectively. Theoretical log K, values are
predicted in the range of 3-4, showing a perfect matching in
the case of truxTTF+CsoH1z (log Kaheor = 3.7) with respect to
the experiment value (log Ki.eq = 3.6 = 0.3) previously

reported.?’ Calculations using chlorobenzene led to both
qualitatively and quantitatively similar results (Table S1).
Considering these encouraging results, we studied the
association in solution through absorption titrations in PhCl,
CHCI; and THF at room temperature. Typical results for the
titration of truxTTF with Cs;Hy; are shown in Figure 3a.
Overall, the spectral changes are very small. For example,
the truxTTF band at 450 nm lacks any notable decrease in
absorption despite the fact that CsH.2 absorbs only very
weakly in this spectral region.”® However, a very weak
increase of absorption in the 500-600 nm region was
observed, which is correctly reproduced by TDDFT
calculations (vide infra) and parallels our previous
observations with CsH12.?’ Indeed, multiwavelength analysis
for three separate titration experiments in each solvent
consistently afforded satisfactory results for the 1:1 binding
model. In particular, we obtained log Kaexp = 3.19 + 0.02, 2.9
+ 0.4 and 3.3 + 0.2 in PhCI, CHCI; and THF, respectively.
More pronounced were the spectral changes noted during
the titration of truxTTF vs CsgHq4 as shown in Figure 3b. Here,
we observed a significant decrease in the intensity of the
truxTTF absorption band at around 450 nm, accompanied by
the increase of a broad band and a charge-transfer band in
the 500-600 nm region, with concomitant formation of an



isosbestic point at 490 nm. The isosbestic point is, however,
buried upon addition of more than one equivalent of CagHis.
Multiwavelength analysis afforded binding constants of log
Kaexp = 3.4 £ 0.1 and 3.5 £ 0.2 in PhCl and THF, respectively.
As can be seen in Table 1, the theoretical values estimated
for log K. are in very good agreement with the experimental
results, giving support to the formation of the staggered
structures  predicted theoretically as the preferred
conformation.
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Figure 3. a) Experimental absorption spectra as obtained during the
titration of truxTTF (1.76 x 10 M) with C32Hq2 (8.78 x 10™* M) in PhCI at
room temperature, up to 3.81 equivalents of Ci:Hiz were added. b)
Experimental absorption spectra as obtained during the titration of truxTTF
(1.5 x 10* M) with CasHua (7.7 x 107* M) in PhCI at room temperature, up
to 3 equivalents of CssHis were added.

Time-dependent DFT (TDDFT) calculations in the
presence of the solvent (PhCI) were carried out for the most
stable structures of truxTTF+CszHs2 (4) and truxTTF+CagHis
(10) and for their corresponding monomeric units to
disentangle the spectroscopic changes detected in the
absorption spectra upon titration (see the Supporting
Information for computational details). TDDFT calculations on
truxTTF-CazH;; predict four singlet excited states S-S, in the

500-650 nm range, with very low oscillator strengths (f < 0.01,

Table S2). These electronic transitions correspond to charge-
transfer excitations from the HOMO and HOMO-1, located on
truxTTF, to the LUMO and LUMO+1, located on CszHiz
(Figure S3), that relate to the hardly-observed band
experimentally recorded above 500 nm (Figure 3a). Similarly,
the lowest singlet excited states Si-S; for the truxTTF-CagHs
complex imply charge-transfer excitations and are computed
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at 500-700 nm, with a moderate oscillator strength in the
case of S, (f=0.016). This state in conjunction with the larger
interaction energy might explain the detection of the weak,
broad CT band in the case of the CisHis-based dimer (Figure
3b). The new absorption band rising at 500 nm in
truxTTF+CagHs4 is assigned to the electronic transition to the
first excited state S; of CsgHis calculated at 489 nm, which
appears at similar wavelength (492 nm) for truxTTF+CagH4
(Table S2). In contrast, CsHq, presents no significant
absorption above 400 nm (Table S21 and Figure S4). In both
dimers, the typical truxTTF band centered at 450 nm is
predicted to slightly decrease in intensity but preserves its
position upon complexation (Table S2t and Figure S5.).
Finally, the experimental peak rising at 360 nm in
truxTTF+CasHqa  (Figure 3b) is assigned to the intense
electronic transition to Ss (f = 0.373) predicted for the CagHa
fragment at 356 nm. Spectroscopic changes in absorption
upon complexation are therefore easily understood by joining
the absorption features of the constituting monomeric units.

"H NMR experiments helped to shed light on the structure
of these associates in solution. Figure 4a shows the 'H NMR
of truxTTF (black), Cs;Hi; (blue) and truxTTF-Cz;:Hqz (red).
The lettering is in accordance with Chart 1 and shows the
assignment for truxTTF. Upon complexation, all the signals of
CszH,z suffer slight and quantitatively similar upfield shifts.
Meanwhile, the signals corresponding to the truxene core of
truxTTF (b-e in Figure 4a) appear unaltered, and only the
dithiole ring signals (a + a' in Figure 4a) are shifted upfield by
ca. 0.02 ppm. Moreover, a change in multiplicity from a
singlet to two doublets (J = 6.8 Hz) with very strong rooftop
effect is also noticeable (see insets in Figure 4a). These
changes support the structure depicted as 4 in Figure 1,
which was calculated to be the only thermodynamically
favourable arrangement in  chloroform  solution  for
truxTTF+C3zH,; (vide supra).

The case of truxTTF-CssHa4 is not so straightforward. The
'H NMR spectra are shown in Figure 4b with analogous
colour coding. As in the previous example, all the signals of
the corannulene-based buckybowls are shifted slightly upfield.
However, we can see shielding of both the truxene-core and
the dithiole signals of truxTTF upon association. The former
are quantitatively smaller and mostly affect the d and c triplets,
while the latter are larger, and in this case do not result in a
change of multiplicity, but only in broadening (see insets in
Figure 4b). These spectroscopic changes point to a
coexistence in solution of the staggered structures (7-10 in
Figure 2), with predominance of those in which the dithiole
rings are inside the cavity of CsgHy4 (8 and 10 in Figure 2),
again in perfect agreement with the relevant calculations.
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Figure 4. "H NMR (CDCls, 400 MHz, 298K, all species at ca. 5 mM) of: a)
truxTTF (black), CszH1z (blue) and truxTTF + Cs.Hi2 (red), and b) truxTTF
(black), CsgHaa (blue) and truxTTF + CsgHus (red). The insets shows an
overlay of the spectra of truxTTF and the complexes in the region between
6.74 and 6.68 ppm (a + a') and 7.48-7.34 ppm (c + d).

To shed light onto the excited state properties of truxTTF,
CigHya, and their supramolecular associate truxTTF+CagH4,
transient absorption experiments were conducted. Upon 480
nm excitation of truxTTF in chlorobenzene, a new transient
immediately develops.?” Characteristics of the latter are a
marked maximum in the visible at 530 nm. Furthermore, a
marked ground-state bleaching is observed around 450 nm.
This excited state decays rapidly, as in other sulphur-rich
electron donors, with a lifetime of only 1.0 + 0.5 ps. The short
lifetime is rationalized by the presence of the sulfur atoms,
with a strong second-order vibronic spin-orbit coupling, as it
transforms into a much weaker absorbing state with maxima
at 505 and 700 nm (Figure 5), for which a lifetime of 20 + 5 ps
is detected.

When exciting CaigHqis at 480 nm in chlorobenzene,
several strong transient maxima evolve with the completion of
the laser pulse (Figure 6). Three sharp maxima at 450, 546
and 800 nm are accompanied by broad transients ranging
from 625 to 725 nm. After excitation, a multiexponential
deactivation of these features is observed. While the 546 nm
maxima persists, the features at 450, 800 and from 625 to
725 nm deactivate within 46 ps (20%) and 3.5 ns (80%). The
former is assigned to a non-radiative intrinsic deactivation.
The latter reflects the intersystem crossing to the triplet
excited state of CsgHi4. The triplet excited state shows a
transient absorption maximum at 546 nm and one broad
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transient around 670 nm that deactivate within 18 ps to the
ground state. Experiments in toluene and benzonitrile gave
similar results.
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Figure 5. Differential absorption spectra obtained upon femtosecond pump
probe experiments (480 nm) of truxTTF in argon-saturated chlorobenzene
with time delays of 1.8-75 ps at room temperature.
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Figure 6. Differential absorption spectra obtained upon femtosecond pump
probe experiments (480 nm) of CagHua in argon-saturated chlorobenzene
with time delays of 0-5750 ps at room temperature.

In order to gain insight into the processes occurring after
photoexcitation, spectroelectrochemical measurements were
conducted, that is, recording the differential absorption
spectra upon electrochemical oxidation of truxTTF?" and
reduction of CgsHqy (Figure 7). TDDFT calculations were
performed on the anion species of CssH.qs, and the simulated
differential absorption spectrum is shown in Figure S7. The
broad band experimentally centered around 650 nm
corresponds to the Do — Dy excitation of CigHis™ with
oscillator strength of = 0.094. Theoretical calculations nicely
reproduce the crossing point around 550 nm, being the
negative signal at 500 nm originated by the intense S, excited
state of neutral CagHia.
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Figure 7. Differential absorption spectrum obtained upon electrochemical
reduction of CisHis in deoxygenated ortho-dichlorobenzene containing
TBAPF; (0.1 M) with an applied potential of -1.1 V vs. Ag wire at room

temperature.

When exciting truxTTF+CsgHqs (10:1) in either toluene,
chlorobenzene or benzonitrile at 480 nm, truxTTF-centered
transients dominate the spectra (Figure 8). In particular, the
530 nm marker is discernable at the conclusion of the
excitation. With a lifetime of 0.8 + 0.2 ps the latter transforms
into a new transient species, that is, the charge-separated
state featuring truxTTF™* and CsgHy4™. Of great importance
are changes in the differential absorption in the range
between 500 and 700 nm, where both the truxTTF** and the
CigHia™ species presents higher absorption (Figure 7),
supporting the notion of electronic communications in the

excited state is taking place.
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Figure 8. Differential absorption spectra obtained upon femtosecond pump
probe experiments (480 nm) of truxTTF+CasH14 (10:1) in argon-saturated
toluene with time delays of 1.8-75 ps at room temperature.

A detailed kinetic analysis corroborates our hypothesis.
To this end, multiwavelength analysis yields four major
lifetime components. After excitation, a very short lifetime of
0.8 + 0.2 is followed by a 15 + 5 ps component. We assign
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the shorter component to ultrafast charge separation yielding
the truxTTF*+CssHis~ charge-separated state. The longer
component is most likely due to intrinsic deactivation of non-
complexated truxTTF and CasH1a. The third component of 160
+ 15 ps, which is neither observed for truxTTF nor for CasHia,
reflects the charge recombination to yield truxTTF+CsgHi4 in
the ground state. Finally, the fourth component of >5.5 ns is
likely due to the slow deactivation of the CssHy4 triplet excited
state as confirmed by the detection of the 450, 546, and 800
nm markers. The latter is populated by intersystem crossing
within non-complexated CsgHis and, potentially, charge

recombination.
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Figure 9. Differential absorption spectra obtained upon femtosecond pump
prabe experiments (500 nm) of CazHaz in argon-saturated chlorobenzene
with time delays of 0-6500 ps at room temperature.
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Figure 10. Differential absorption spectra obtained upon femtosecond
pump probe experiments (500 nm) of truxTTF+CszHqz (10:1) in argon-
saturated ortho-dichlorobenzene with time delays of 1.8-75 ps at room

temperature.
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Figure 11. Differential absorption spectra obtained upon electrochemical
reduction of CizHqz in deoxygenated ortho-dichlorobenzene containing
TBAPF; (0.1 M) with an applied potential of -1.0 V vs. Ag wire at room
temperature.

When exciting Cs2H:2 at 500 nm in chlorobenzene, a
transient centering on 520 nm is observed (Figure 9). This
feature deactivates within 1.6 ns to the ground state or the
lower-lying triplet excited state that is, however, not
spectroscopically observed. Similar results were observed in
toluene, anisole, ortho-dichlorobenzene, and benzonitrile.

In order to shed light into the excited state interactions
between truxTTF and Cj;H;;, mixtures of various molar ratios
(10:1 - 1:10) in solvents of different polarities (anisole,
toluene,  chlorobenzene,  ortho-dichlorobenzene = and
benzonitrile) were explored in transient absorption
experiments exciting at 387 and 480 nm. Figure 10
exemplifies the differential absorption changes recorded in
chlorobenzene. The spectral similarity between the excited
state absorptions of truxTTF and CszHi2, on one hand, and
the radical cation of truxTTF as well as the radical anion of
Cs;Hyz (Figure 11), on the other hand, rendered an
unambiguous characterization of the charge-separated state
truxTTF*+CsHq," rather difficult. In fact, TDDFT simulations
confirmed the absence of any characteristic feature for the
anion species of CszH; above 700 nm (Figure S6) that could
help in identifying the charge-separated state. Based on the
current investigation with CssHis and the past investigation
with CsoHiz, excited state interactions in terms of charge
transfer with truxTTF are likely to occur.?’

Conclusions

To conclude, we have demonstrated the association of two
corannulene-based fullerene fragments —CsoHq; and CssHia—
with a bowl-shaped tetrathiafulvalene unit —truxTTF.
Absorption titrations  aided in following the complexation
process. The most remarkable features are the depletion of
intrinsic truxTTF absorption upon addition of CizHs2 or CagHa,
accompanied by the rise of a charge transfer band in the
visible between 500 and 600 nm. Multiwavelength analysis
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revealed association constants of log K. = 2.9 - 3.5. DFT
calculations performed at the revPBEO-D3/cc-pVTZ level
supported the supramolecular association. Here, different
possible complex geometries were predicted, revealing either
bowl-in-bowl or staggered arrangements, the latter offering
the largest interaction energies, even surpassing the
association  energy obtained for the analogous
truxTTF-C3Hy2 complex. Accurate calculations of the free
energy of complexation suggested that only the staggered
conformer in which one dithiole ring is placed inside the bowl
basin could be formed in solution for truxTTF+C3,H.,, whereas
a mixture of staggered conformers might be present for
truxTTF+CssH14. NMR experiments gave confirmation to these
theoretical predictions. Femtosecond transient absorption
studies shed light onto excited state interactions in the
associates. In the case of truxTTF+CssHia, photoexcitation
yielded the charge-separated state truxTTF"*+CssH14™ with a
lifetime of ~160 ps in the most polar benzonitrile. For
truxT TF-CazHyz, the assignment of the charge-separated state
rendered extremely difficult, but is, based on earlier findings,
regarded to be very likely.

These experimental and theoretical findings reveal -
extended corannulene derivatives as suitable systems to form
1:1 supramolecular complexes with bowl-shaped electron
donor molecules, in which intermolecular PET processes
occur, mimicking the related buckyballs.
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Chapter 6. Supramolecular polymers

6.1. Introduction

The incorporation of the noncovalent interactions to build up
supramolecular constructs using electroactive building blocks lays the
foundations of the so-called supramolecular polymer science.[l701 A
supramolecular polymer can be defined as any type of assembly formed
from one or more molecular components via reversible bonds, i.e., the
constituting units are joint together by noncovalent forces.[171] A rapidly
developing interdisciplinary research avenue has emerged with the
appearance of supramolecular polymers showing appealing
functionalities, with potential interest as optoelectronic, self-healing, and

biomedical materials.[35b]

The first supramolecular polymer was reported in 1990 by Lehn and
coworkers,[172] and was constituted by the junction of bifunctional
diamidopyridines and uracil derivatives through a H-bonded array
(Figure 41). Subsequently, multiple-hydrogen-bonding arrays with a
higher binding constant, such as quadruple-hydrogen-bonding arrays,
were employed to achieve supramolecular polymers with high degree of

polymerization.[173]
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Figure 41. First supramolecular polymer reported by Lehn and coworkers in
1990 generated from a triple-hydrogen-bonding array between bifunctional

diamidopyridine and uracil derivatives.[172]
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Apart from the highly-directional H-bonding interactions, a variety of
noncovalent interactions (e.g., metal coordination, aromatic stacking,
etc.) have also been exploited as driving forces to construct
supramolecular polymers (Figure 42).137b] For example, metal-containing
polymers,[174 host-guest assemblies,[175] as well as supramolecular
polymers fabricated through strong aromatic donor-acceptor
interactionsl'76] have been reported. Additionally, chemists have
fabricated supramolecular polymers driven by a combination of multiple
noncovalent interactions (Figure 42).[177] The combination of different
and orthogonal supramolecular building blocks not only enriches the
library of supramolecular polymers, but also allows control of the
supramolecular polymerization, achieving supramolecular polymers

with well-defined structure and tailor-made functionality.

Figure 42. Chemical structures of  succinate-conjugated 2,4,6-
triaminopyrimidine and cyanuric acid in the generation of a supramolecular

polymer governed by multiple noncovalent interactions.[177b]

Supramolecular chemistry, on the other hand, stands a playground for
understanding the ubiquitously-present-in-nature phenomenon of
chirality.[38a] Chirality in supramolecular chemistry implies the non-
symmetric arrangement of molecular components in a noncovalent

assembly. Chiral assemblies may arise in a supramolecular self-
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assembled polymer if one of its component is chiral or if achiral
components arrange in a nonsymmetrical way to produce a
supermolecule that is chiral. Chiral structures has prompted the
development of a number of significant research topics like asymmetric
synthesis and catalysis,[178] liquid crystals,[1791 conductive materials,[180]

and chiral recognition.[181]

A particularly interesting family of m-conjugated compounds for the
construction of functional supramolecular polymers are the so-called
discotic molecules.[182] These chemical entities are structures with a disc-
shaped core and a periphery involving a number of interactions that
eventually leads to the formation of highly ordered columns. Only at high
concentrations, the intercolumnar interactions become prominent, and
superstructure formation or gelation occurs followed by the liquid
crystalline phase in the bulk. An archetypical example of discotic
structure is the benzene-1,3,5-tricarboxamide (BTA) motif, comprising
either three N-centred or three CO-centred amides attached to a benzene
core (Figure 43).11831 Such BTAs have attracted considerable attention in
supramolecular chemistry in the last few years. Studies conducted on
these systems shed light into the mechanism of the self-assembly and the
origin of cooperativity, as well as in disentangling the transfer and
amplification of chirality in stereospecific molecular units.[38¢ 183-184] The
creation of new disc-like electroactive molecules that self-assemble in
supramolecular polymers guided by weak and reversible noncovalent
interactions will therefore be decisive for understanding the foundations
of self-assembly, cooperativity and chirality amplification while creating
functional materials to be exploited in optoelectronic, self-healing and

biomedical applications.
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Figure 43. a) Structure of CO-centred (left) and N-centred (right) BTAs. b)
Propeller-like shape of Cs-symmetric molecules and their assembly into a helical
superstructure upon stacking in columns. c¢) Triple H-bonding array along the

supramolecular arrangement of the CO-centred BTA polymer.

In this Chapter, a thorough theoretical characterization of the forces
originating the supramolecular assembly of discotic-like trisamide
derivatives has been performed in a multi-level approach. Molecular
mechanics calculations are performed to give insight into the preferential
helical orientation depending on the connectivity and the presence of
stereogenic aliphatic peripheral chains. The factors promoting the
cooperative polymerization regime are disentangled within the DFT
framework. On the other hand, the self-assembly of peryleneimidazole
derivatives presenting multiple noncovalent supramolecular interaction
motifs is theoretically characterised. DFT calculations, in a nice synergy
with the experimental evidences, give insight into the supramolecular
interactions that guide the aggregation and explain the unexpected blue-

emissive properties upon gelation.
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6.2. Results and discussion

6.2.1. Tricarboxamide supramolecular polymers

Inspired by the structural motif of the BTA compounds, we study herein
a series of oligo(phenyleneethynylene) (OPE) N-centred amides (or
retroamides) in collaboration with the experimental group of Prof. Luis
Sanchez, and compare them with the previously reported(85] CO-centred
tricarboxamide analogues (Figure 44). Experimentally, the
supramolecular assembly of the OPE-based derivatives was followed by
FTIR and 'H-NMR. The registration of the circular dichroism (CD)
unambiguously demonstrated the formation of enantiomeric helical
structures. The helical sense of the columnar aggregates is determined by
the absolute configuration of the stereogenic centre (Sor R) allocated in
the peripheral alkyl chains, and seems not to be affected by the

connectivity of the amide functional groups.

R

H‘N/go
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Figure 44. Chemical structures of discotic trisamides 5 and 6.

163



Chapter 6. Supramolecular polymers

To further investigate the role of the connectivity of the amide groups on
the self-assembly mechanism, as well as on the chiroptical features of the
aggregates, a computational study was performed using a multi-level
theoretical approach. The theoretical CD spectra of the trimeric species
of 5, bearing no alkyl chain, in both helical right-handed (5-P) and left-
handed (5-M) arrangements were computed at the B3LYP/6-31G* level
using the time-dependent density functional theory. The CD spectrum
calculated for 5-M shows a positive and a negative peak centred at 290
and 330 nm, respectively, which nicely agrees with the CD spectrum
recorded for 5c (280 and 303 nm, Figure 45). Moreover, the relative
intensities of the positive/negative peaks predicted theoretically
reasonably match the experimental CD signals. The CD spectrum
computed for 5-Pstands as the mirror image of the CD for 5-M (Figure
45b), and matches the shape recorded experimentally for 5b (Figure
45a). In addition, the CD spectrum computed for the trimer of 6 in a
clockwise conformation (6-P) presents the same signal pattern as for 5-
P, which indicates that the origin of this intense CD signal pattern is
ascribable to the helical disposition of the molecules in the columnar
stack with minor contribution from the amide connectivity. The
electronic transitions giving rise to the CD signal in the 260-360 nm
region (vertical lines in Figure 45b) were computed to correspond with
m-1* monoexcitations and mainly involve the conjugated OPE units.[18¢]
Theoretical calculations therefore show that the preferred orientation of
5b with $-stereogenic centres in the alkyl chains is a right-handed (P)
helix, whereas it corresponds to a left-handed (M) helix for 5¢ with R-

stereogenic centres.
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Figure 45. a) Experimental CD spectra of 5b-c and 6b-c (DHN/CHCl3, 95/5, 4 x
10-¢ M, 298 K). b) Theoretical simulations of the CD spectra calculated for the 5-
M, 5-Pand 6-Ptrimers.

To shed light on the helical organization of the aggregates formed by
trisamides 5 and 6, theoretical molecular mechanics/molecular dynamics
(MM/MD) simulations were performed using the MM3 force field. A m-
stacked decamer of 5c¢ was firstly designed with both right- and left-
handed helicities as a representative model to investigate the relative
stability of the two possible columnar configurations. MD simulations of
100 ps were performed on infinite aggregates using periodic boundary
conditions. Supramolecular arrangements of 5c with 2 and M
orientations endowed with short and long chains were considered. The
values calculated for Fping in the infinite aggregates of 5¢ with -CsHis
chains are —44.8 + 0.3 and —45.0 + 0.2 kcal mol-! for the P and M
configurations, respectively. Moving to the systems with longer -CoH19
chains, the difference in binding energy per monomeric unit increases to
1 kcal mol-1 in favour of the M-type helix (£bina = —49.2 + 0.5 and —50.1
+ 0.9 kcal mol-! for P and M aggregates, respectively). The theoretical
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results therefore indicate that the energy difference between the two
possible helical configurations significantly increases when increasing
the length of the peripheral side chains, and predict that the left-handed
(M) columnar stacking is the energetically preferred helical arrangement

for the aggregation of 5¢c bearing stereogenic R centres.

Supramolecular aggregates of 5b with long -CoHi9 chains containing
stereogenic S centres were also calculated in both clock- and
anticlockwise helicities, and now the P-helix is computed to be the more
stable (£binga = —50.2 + 0.7 and —49.1 £ 0.4 kcal mol-1 for 5b- Pand 5b- 4,
respectively). These results justify the occurrence of a preferred helicity
for a given configuration (Sor R) of the stereogenic centre placed on the
peripheral alkyl chains of retroamides 5. Further MM/MD simulations
performed for the supramolecular assemblies of 6c¢ led to similar
conclusions as those found for 5¢, being the anticlockwise 6¢-M ~ 1 kcal
mol-1 more stable than 6¢-P (£bina = —46.1 + 0.7 and —47.1 £ 0.7 kcal
mol-1 for 6¢- Pand 6¢-M, respectively). Theoretical calculations therefore
show that the preference of a determined helical handedness in the
trisamides under study depends on the chirality of the stereogenic group,
and is not affected by the connectivity in which the amide group is linked
to the discotic core. Furthermore, the Fiing values are computed lower for
6c than for 5b-c, which is in accordance with the higher cooperativity
experimentally obtained for the supramolecular polymerization of

retroamides 5.

A representative snapshot of the MD simulation for the helical M-
aggregate of 5¢ was extracted to analyse the spatial disposition of the
molecular units in the polymer (Figure 46). In the stack, the OPE cores

remain mostly planar to maximize the m-m interactions, whereas the
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amide groups are twisted out of the aromatic plane forming H-bonds with
the vicinal monomer. These two types of interactions are the driving force

that finally gives rise to perfectly-assembled columnar helices (see the

original [l s} ]Y for more details).

Figure 46. Top and side views of the most stable structure obtained from the
MM/MD simulation for the left-handed M-helix of the N-centred retroamide 5c.
The unit cell containing six monomeric units is marked in dashed red lines. H

atoms are omitted for clarity.

To gain deeper insight into the supramolecular polymerization
mechanism of trisamides 5 and 6, comparative DFT calculations at the
MPWB1K/6-31G** level were performed for helical P-aggregates of
increasing size of retroamide 5b and carboxamide 6b. To reduce the cost
of the calculations, short -CsHi1 and -CeH1s alkyl chains bearing the
stereogenic S centre were used for 5b and 6b, respectively. Figure 47
shows the change, as n increases, of the association energy per
monomeric unit (£ping,s) for the (5b), aggregate, and provides a clear
indication of the cooperative character of the supramolecular
polymerization. As the aggregate grows, the absolute value of Ebingn
increases, due to the larger polarization of the stack that strengthens the

H-bonding network, and the aggregate becomes more stable. The values
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predicted for Eping,» in (5b), (—31.0 kcal mol-1! for n = o) are larger, in
absolute value, than those obtained for (6b), (—25.2 kcal mol-! for n =
). Likewise, there is an increase of the dipole moment per monomer unit
(DMmon,n) for (5b), which is calculated larger (12.94 D for n = o0) than
that for (6b), (11.04 D for n = ). The cooperativity in the trisamide
helices, found larger for N-centred 5, is therefore evidenced by the
theoretical calculations through the evolution of both the binding energy
and the dipole moment per monomeric unit upon increasing the polymer

size.
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Figure 47. Top (a) and side (b) views of the right-handed helical arrangement of
the (5b)12 aggregate bearing S-stereogenic short alkyl chains. The direction of
the dipole moment in the stack is shown in red. Asymptotic behaviour of the
binding energy (c) and dipole moment (d) per monomer unit ( £bind,»and DMmon,s,
respectively) upon increasing the number of monomer units in the (5b)a

aggregate; values are fitted (red line) to a biexponential function.
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Along the PhD period, other similar systems based on the
subphthalocyanine core have been studied in a fruitful collaboration with
the group of Profs. Tomas Torres and David Gonzalez-Rodriguez.[187]
Cone-shaped SubPc units are demonstrated to self-assemble in helical
supramolecular polymers with a combination of —m, H-bond and highly
polar B-F---B interactions. The reader is referred to the original work for
further details (see article 20 in the List of publications). Implications of
mixing pure enantiomers in the resulting supramolecular polymer
helicity, as well as the study of columnar vs. dimeric vs. dissociated

regimes as a function of the solvent, is under writing process.[188]

6.2.2. Pyreneimidazole-based oligomers

Since its discovery in 1837 by Laurent in the residue of the destructive
distillation of coal tar,[89 pyrene has become one of the most studied
polycyclic aromatic hydrocarbons. The attractive electronic and
photophysical properties of pyrene allowed its application as an active
componentin organic electronics.[19 To improve the emissive properties
of pyrene, great efforts have been devoted to its structural modification
in order to avoid aggregation and to suppress the quenching effect of the
m-Tt interactions.[190b, 191] [n the search for novel functional materials
based on the m-conjugated core of pyrene connected supramolecularly by
H-bond interactions, a pyreneimidazole structure and its supramolecular
polymerization features have been investigated (Figure 48). Whereas
supramolecular polymerization patterns usually follow a predictable
motif based on the chemical groups introduced in the electroactive unit,
the three-dimensional arrangement of supramolecular polymers

sometimes leads to unexpected structures hard to elucidate. This work
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constitutes a great example of a symbiotic study combining our first-
principles calculations with the experiments carried out by the group of
Prof. Luis Sanchez to shed light onto the odd self-assembly of blue-

emitting pyrene-based supramolecular polymers.

/\/\/\/\/\
7:R="%

81R="77_/\/k/\/k

Aromatic structure
(ii) Polar amide and imidazole groups
(iii) Nonpolar aliphatic chain (chiral)
(iv) Steric tert-butyl groups

Supramolecular interaction motifs

Figure 48. Chemical structure of pyreneimidazoles 7 and 8 and schematic

representation of their supramolecular interaction motifs.

Experimental evidences of the supramolecular polymerization of the
pyreneimidazole derivatives shown in Figure 48 were extracted from
temperature-dependent UV-Vis spectroscopy measurements. These
compounds show formation of gels in cyclohexane at low concentrations,
exhibiting an unexpected blue emission under irradiation at 364 nm, and
a low degree of cooperativity in the supramolecular polymerization.
Circular dichroism measurements as well as sergeants-and-soldiers
experiments were carried out by the group of Prof. Luis Sanchez for both
the achiral 7 and chiral 8 derivatives in order to disentangle the
supramolecular organization of the organogels. The formation of
supramolecular helical arrangements for this family of pyreneimidazoles

was ruled out due to the absence of any dichroic signal.

Theoretical calculations were performed on compound 7 within the

density functional theory (DFT) framework to shed light on the structural
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and energetic aspects of the pyreneimidazole system upon aggregation.
A number of dimers, as minimal supramolecular units, were modelled for
7 owing to the variety of supramolecular interaction motifs present in the
monomer: (i) the aromatic structure, (ii) the polar amide and imidazole
groups, (iii) the nonpolar long aliphatic chain, and (iv) the steric tert
butyl groups (Figure 48). Besides the m-m recognition motif that gives
rise to structures A-C with weak CO---HN (A and C) or NH:--N (B) H-bond
interactions, the polar imidazole and amide groups constitute high
potential energy regions for the supramolecular stabilization of the
dimers. Thereby, dimers D-F, in which the formation of strong H-bonds

is the recognition driving force, were modelled (Figure 49).

Figure 49. Minimum-energy geometries calculated for the different dimers
postulated for the pyreneimidazole system at the B97-D3/6-31G** level of
theory.
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Table 7. Binding energy (£bing, in kcal mol~1), number of H-bond contacts (zms),
distance of the closest H-bond contact (dhs, in A), and dominant dispersion

interactions (m-m, CH---m and CH---CH) that characterise dimers A-F.

Ebind THB dip T-T0 CH--m  CH---CH
A —54.6 1 1.918 v - -
B -51.0 1 2.064 4 - -
C —53.7 1 2.051 v - -
D —-32.0 1 1.826 - 4 -
E -7.7 2 1.822 - v -
F —-61.7 2 1.839 - 4 -

Table 7 summarises the binding energy (£bina) and the main
intermolecular forces governing the self-assembly of dimers A-F
calculated at the B97-D3/6-31G** level. For a detailed description of
dimers A-E, the reader is referred to the original below.
Focusing on the most stable dimeric species, arrangement F combines H-
bonding interactions between the imidazole and amide groups and CH---mt
stabilizing interactions between the alkyl chains and the pyrene cores
(Figure 49). Topological analysis of the electron density carried out by
means of the NCI index allows visualizing the non-covalent interaction
(NCI) surfaces, which provide additional information on the origin of the
supramolecular aggregation. Green surfaces indicate weak
nondirectional CH---m interactions, whereas small bluish regions
correspond to strong H-bond contacts (Figure 50). The additive effect of
these interactions leads to the highest stability (£ina = —61.7 kcal mol-1)
calculated among all the dimers modelled. The structure of dimer F
allowed us to identify all the ROESY signals observed experimentally and,
in particular, the short contacts between the alkyl chains and the pyrene

cores. Additionally, taking into account that the formation of m-m dimers
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quenches the emission properties of pyrene, the absence of these m-m
interactions between the pyrene cores in dimer F would explain the blue

emission obtained for the fibres.

Figure 50. a) NCI surfaces representing H-bond interactions (in blue) and
dispersion forces (in green) for dimer F of compound 7. Intramolecular ring-
centroid repulsions are drawn in brown. b) Amplified view of the bluish NCI

surface corresponding to a well-formed H-bond interaction.

To rationalize how dimer F can grow up from such nonplanar, distorted
disposition of the monomers, a tetramer shown in Figure 51 was built up
through an imidazole-amide-imidazole H-bond sequence. After full
geometry optimization at the B97-D3/6-31G** level, calculations reveal
that the H-bonding motif is preserved along the monomeric pairs. The
average NH(amide)-N(imidazole) contact is computed to be 2.18 A,
whereas the CO(amide)-HN(imidazole) interaction is calculated at 1.82
A. The total association energy in the tetramer reaches —182.1 kcal mol-1,
which corresponds with an £ina = —60.7 kcal mol-1 per monomer pair.
This value is very close to the FAiina computed for dimer F (—61.7 kcal
mol-1), suggesting that the oligomer can easily grow keeping the strong

H-bond pattern and the stabilizing CH---1t forces. Besides, the alternated
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H-bonding network upon self-assembly points towards a low degree of
cooperativity in the supramolecular polymerization, in line with the

experimental evidences.

Figure 51. Top (a) and side (b) views of the B97-D3/6-31G**-optimized
geometry calculated for the tetramer of 7 in an F-type assembly. Dotted lines
emphasize the H-bonding array established between the imidazole and amide

units. Only hydrogen atoms involved in H-bonding interactions are shown.

Recently, other family of derivatives based on the N-annulated
perylenedicarboxamide have been investigated in collaboration with the
group of Luis Sanchez.[192] Interestingly, these compounds led to the
formation of bundles of fibres that generate a spontaneous anisotropy in
the environment. The supramolecular assembly of these derivatives was
rationalized in terms of columnar superstructures with an oscillating
helical orientation upon external stimuli (see article 22 in the List of

publications).
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6.3. Summary

We demonstrate herein the cooperative supramolecular polymerization
of discotic N-centred trisamides based on the OPE unit to form helical
aggregates. The inverted connectivity of the amide functional groups
does not modify the helical sense of the aggregates in comparison with
the previously reported CO-centred analogues. The handedness of the
helical structures formed by the self-assembly depends on the absolute
configuration (Sor R) of the stereogenic centres located at the peripheral
side chains. MM/MD simulations performed for infinite aggregates help
to energetically discriminate between the P and M arrangements, and
support the preference of a determined helical handedness depending on
the chirality of the stereogenic group. The synergy of m-m interactions,
the threefold H-bonding between the amides, and the weak dispersive
forces between the peripheral alkyl chains exert a prominent role on the
construction of the helical supramolecular structures. The cooperative
character of the polymerization mechanism, higher for N-centred
retroamides than CO-centred tricarboxamides, is furthermore supported
by the dipole moment per monomeric unit that grows exponentially due
to the enhancement of the polarization of the H-bonding network during

the nucleation process.

On the other hand, pyreneimidazole derivatives have been designed with
a variety of supramolecular interaction motifs that guide their self-
assembly towards a supramolecular polymerization process. The
organized supramolecular structures are able to immobilize apolar
solvents like cyclohexane forming gels with apparently non-helical
organization. The number and type of noncovalent interactions operating

in these pyrene-type derivatives result in an amazing scenario of
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possibilities for aggregation. Theoretical calculations demonstrate, in a
nice synergy with the experimental data, that the formation of the
aggregates is mainly governed by the H-bonding interactions between
the amide functionality and the imidazole moiety, together with a number
of relevant CH---m interactions. The absence of m—m interactions between
the pyrene cores further explains the preservation of the typical blue-

emitting properties of pyrene upon aggregation in the fibrillar material.
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The cooperative supramolecular polymerization of 1 and 2 yields
P- or M-type helical aggregates depending on the absolute
configuration (S or R) of the stereogenic centres attached to the
side chains. The connectivity of the amide group does not affect the
handedness of the helical aggregates, but determines a larger
cooperativity for retroamides 1.

Since the first example reported by Lehn in 1990, the research
on supramolecular polymers has established spectacular
developments.” Considering the level of sophistication and
functionality showed by natural helical structures, the rational
generation of helical supramolecular polymers is one of the
most exciting areas of investigation for this class of polymers.”
A key issue in the construction of helical structures is to control
their handedness, which is directly related with the efficient
transfer of the chiral information embedded in the constitutive
chiral units. Although it is possible to achieve chiral supra-
molecular polymers by using elements of asymmetry like axial
chirality,” the sign and magnitude of the optical activity is
usually conditioned by the stereogenic centres at peripheral
chains linked to cores of different nature.”

We report herein on a joint experimental and theoretical
investigation of the supramolecular polymerization of N-centred
retroamides 1 in comparison with previously reported CO-centred
tricarboxamides 2 (Fig. 1).° We demonstrate that reversing the
connectivity in retroamides 1 results in a cooperative supra-
molecular polymerization that yields helical aggregates with the
same handedness for both self-assembling units. Theoretical
calculations have been utilized to assign the handedness of the
aggregates and to investigate the cooperative mechanism of the
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supramolecular polymerization. Molecular mechanics/molecular
dynamics (MM/MD) simulations find an energy difference between
P- and M-type supramolecular helical structures, depending on
the absolute configuration (§ or R) of the stereogenic centres,
that is large enough to determine a preferred handedness of the
helical structure. This joint experimental-theoretical study
yields information on the rules governing the transference of
chirality from the constituting chiral molecular entities to the
self-assembled helical supramolecular structures, and repre-
sents a useful complement to recent studies on N-centred
benzene-1,3,5-tricarboxamides (BTAs) and related oligo(phenylene
ethynylene) (OPE) retroamides.”®

The synthesis of trisamides 1a-c has been accomplished in
three synthetic steps for achiral 1a and four synthetic steps for
chiral 1b—c (Scheme S1, ESIE). The FTIR spectra show well-defined
bands at 3297, 1666 and 1585 cm ™~ * (Fig. S1, ESI), corresponding to
the N-H and amide I (C—0) stretching bands and to the amide It
(C-N) bending band, respectively, which are indicative of the
formation of an intermolecular triple array of H-bonds between
the amide functional groups.® The '"H NMR spectra of 1c show
only three resonances ascribable to anisochronous aromatic
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Fig. 1 Chemical structures of trisamides 1 and 2.
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Fig. 2 (a) Experimental CD spectra of 1b—c and 2b—c (DHN/CHCls, 95/5,
4 x 10°% M, 298 K). (b) Thecretical simulations of the CD spectra
calculated for the 1-M, 1-P and 2-P trimers

protons (Fig. 52, ESIE). The three amides appear as a broad
singletat & ~ 7.2. As expected, increasing the concentration in the
'H NMR results in deshielding of the amide resonance and in the
concomitant upfield shift of the aromatic protons (Fig. S2, ESIE).
The combination of both FTIR and "H NMR spectroscopic data
suggests the ability of retroamides 1 to form helical supramole-
cular structures, as previously reported for 2.°

Trisamides 1, and especially achiral 1a, are sparingly soluble
in apolar solvents. Therefore, the use of mixtures of solvents is
required to determine the chiroptical activity of the chiral retro-
amides 1b—c and to study the mechanism of self-assembly. The
circular dichroism (CD) spectra of 1b and 1c¢ were recorded by
using a mixture of decaline (DHN), as a poor solvent, with 5% of
chloroform, as a good solvent. Similarly to the dichroic pattern
previously reported for OPE-retroamides,” a clear bisignated
Cotton effect with negative and positive waves peaking at 280
and 303 nm, respectively, is visible for 1b, and presents the
opposite sign pattern for 1¢ (Fig. 2a). The dichroic pattern of 1b
and 1c coincides with that recorded using the same experimental
conditions for 2b and 2c, respectively. This demonstrates the
formation of enantiomeric helical structures, and that the con-
nectivity of the amide functional group does not affect the
helical sense of the columnar aggregate. The sense of the helix
is determined by the absolute configuration of the stereogenic
centre (S or R) allocated in the peripheral alkyl chains.

The thermodynamic parameters associated with the helical
supramolecular polymerization of 1b-c were investigated
by variable-temperature experiments in a DHN/CHCI; (95/5)
mixture as solvent. The cooling curves of 1b-c¢ show a non-
sigmoidal shape characteristic of a cooperative nucleation-
elongation mechanism (Fig. $3 and S4, ESI}).>° Fitting the
curves to the equilibrium (EQ) model allows the derivation of
the enthalpy of elongation, AH,, the entropy of elongation, AS,
the nucleation penalty, AH,, and the temperature of elonga-
tion, T..” Table 1 shows that the thermodynamic data derived
for 1b and 1c are larger, in absolute value, than those obtained
for 2b (Fig. S5, ESIf), which indicates a higher stability of the
N-centred retroamides 1. This result contrasts with that reported
for BTAs, for which the CO-centred aggregates are more stable
than the N-centred congeners.”'°
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Table 1 Thermodynamic parameters of 1b—c and 2b in a DHN/CHCly
(95/5) solution

Compound  AH. (K mol™")  AS(mol ' K™Y  AH, (k] mol™)
1b —94.4 = 0.8 -201 + 2 —311+38

1c —-92.6 + 0.5 =197 + 1 =224+1

2b —63.2 £ 0.7 —114 + 2 —17.2 £ 0.2

To further investigate the role of the connectivity of the amide
groups on the self-assembly mechanism, as well as on the chiroptical
features of the aggregates, a computational study has been per-
formed using a multi-level theoretical approach. The theoretical CD
spectra of the trimer species of 1, bearing no alkyl chain, in both
helical right-handed (1-P) and lefthanded (1-M) arrangements were
first computed at the B3LYP/6-31G* level using time-dependent
density functional theory (TD-DFT) (see ESI%)." The CD spectrum
calculated for 1-M shows a positive and a negative peak centred
at 290 and 330 nm (Fig. 2b), respectively, which nicely agrees
with the CD spectrum recorded for 1¢ (280 and 303 nm, Fig. 2a).
Moreover, the relative intensities of the positive/negative peaks
predicted theoretically reasonably match with the experimental
CD signals. The electronic transitions giving rise to the CD
signal in the 260-360 nm region (vertical lines in Fig. 2b)
correspond to m — m* monoexcitations and mainly involve
the conjugated OPE units.""

The CD spectrum computed for 1-P stands as the mirror
image of the CD for 1-M (Fig. 2b), and matches the shape
recorded experimentally for 1b (Fig. 2a). In addition, the CD
spectrum computed for the trimer of 2 in a clockwise confor-
mation (2-P) presents the same signal pattern as for 1-P, which
indicates that the origin of this intense CD signal pattern is
ascribable to the helical disposition of the molecules in the
columnar stack with minor contribution from the amide con-
nectivity. In fact, the experimental CD measurements demon-
strate that the difference between 1 and 2 with opposite amide
connectivity is only a slight blue-shift of the CD signal (Fig. 2a),
which is correctly predicted in the theoretical simulations (Fig. 2b).
Theoretical calculations therefore show that the preferred
orientation of 1b with S-stereogenic centres in the alkyl chains
is a right-handed (P) helix, whereas it corresponds to a left-
handed (M) helix for 1c with R-stereogenic centres.

To shed light on the helical organization of the aggregates
formed by trisamides 1 and 2, theoretical MM/MD simulations
were performed using the well-tested MM3 force field (see ESIE
for details). A n-stacked decamer of 1¢ was firstly designed with
both right- and left-handed helicity as a representative model to
investigate the relative stability of the two possible columnar
configurations. Two different sizes of peripheral alkyl chain
were used in the calculations: short chains of -C;H,; and long
chains of -C4H, 4 identical to those actually attached to the OPE
core (Fig. S6, ESIf). After full geometry optimization using MM3
(Fig. S7, ESI%), both the right- and left-handed helical decamers
are computed to be practically isoenergetic when using the
short -CsH,, chains, with the M-helix being 0.8 k] mol " more
stable. The energy difference between the P and M helices
increases to 12.6 kJ mol ' in favour of the M-type helix for

This journal is © The Royal Society of Chemistry 2016
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the decamer bearing the long -CoH,yg chains, which suggests
that the size of the alkyl chain is relevant to the energy
differentiation between a right- and a left-handed growth of
the columnar stacks. The intermolecular distance between
monomers along the stacking axis (Az) is predicted to be
very similar for all the decamers, ranging from 3.42 to 3.45 A
(Fig. S7, ESI§). The mean value for the rotational dihedral angle
between adjacent monomers is ~20° in the four decamers with
H-bond interactions in the range of 1.93-1.97 A.

As a second step in the theoretical study of the relative
stability of the helical P and M aggregates, MD calculations of
100 ps were performed on infinite aggregates using periodic
boundary conditions. All the possible supramolecular arrange-
ments of 1e, that is, the P and M helices endowed with short
and long chains, were considered. The unit cells contained six
monomer units and were built up using the MM3-optimized
values of Az and a twisting angle between adjacent monomers
of 20°. Since the monomer possesses C; symmetry, transla-
tional periodicity along the stacking axis was achieved after six
rotations of 20° (Fig. S8, ESLE).

Fig. S9 (ESIH) shows the potential energy evolution over time
for the different dynamics. The stabilizing binding energy due
to the noncovalent interactions between adjacent molecules in
the stack was calculated as a mean value per monomer unit
(Ebina) using 200 random MMa3-optimized structures over the
last 50 ps of the MD trajectories and the following expression.

Epina = (Eceli - nEmun)/n (1}

In eqn (1), Ece is the energy of the unit cell, E,,,, is the energy
of an isolated monomeric unit, and n is the number of
molecules in the unit cell (n = 6). The values calculated for
Epina in the infinite aggregates of 1c¢ with —CsH,; chains are
—187.4 + 1.3 and —188.2 + 0.7 k] mol ' for the P and M
configurations, respectively. Moving to the systems with the
long -CyH,y chains, the difference in binding energy per
monomeric unit increases to 4 kJ mol ' in favour of the
M-type helix (Eping = —205.7 + 1.9 and —209.7 + 3.6 kJ mol™!
for P and M aggregates, respectively). The theoretical results
therefore show that the energy difference between the two
possible helical configurations significantly increases when
increasing the length of the peripheral side chains, and predict
that the left-handed (M) columnar stacking is the energetically
preferred helical arrangement for the aggregation of 1¢ bearing
stereogenic R centres.

In the stack, the OPE cores remain mostly planar to maximize
the m—r interactions, whereas the amide groups are twisted out of
the aromatic plane forming H-bonds with the vicinal monomer
(see Fig. S11 for the most stable structure obtained from the MD
simulation for the helical M-aggregate of 1¢, ESIE). These two
types of interactions are the driving force that finally gives rise to
perfectly assembled columnar helices.

Supramolecular aggregates of 1b with long -CoH,o chains
containing stereogenic S centres were modelled in both the
clockwise 1b-P and anticlockwise 1b-M helicities. MM/MD
calculations led to mean Ey;,gq values of —205.6 + 1.8 and
—210.0 + 3.1 k] mol™" for 1b-M and 1b-P, respectively. These
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values are similar to those obtained for 1¢-M (—209.7 + 3.6 k] mol™")
and 1e-P (—205.7 £ 1.9 k] mol™"), but now the P-helix is more stable
for 1b. The theoretical results therefore justify the occurrence of a
preferred helicity for a given configuration (S or R) of the stereogenic
centre placed on the peripheral alkyl chains of retroamides 1.

MM/MD simulations were also performed for the supramo-
lecular assemblies of 2¢ following the same procedure as for the
N-centred systems. Long dynamics of 100 ps were conducted
for both aggregates and the mean E,;,,4 values calculated were
—193.0 + 2.9 and —197.2 + 3.1 k] mol™', for 2¢-P and 2¢-M,
respectively. Theoretical calculations therefore predict that the
preferred helical sense for trisamide 2c is left-handed, which
coincides with the preferential helicity obtained for the R-stereogenic
1c assembly. Furthermore, the Eyj,g values computed for 2¢ are
lower than those found for 1b-e¢, which is in accordance with
the higher cooperativity experimentally obtained for the supra-
molecular polymerization of retroamides 1 (Table 1).

To gain deeper insight into the supramolecular polymeriza-
tion mechanism of trisamides 1 and 2, comparative DFT calcula-
tions at the MPWB1K/6-31G** level were finally performed for the
helical P-aggregates of increasing size of retroamide 1b and
carboxamide 2b. To reduce the cost of the calculations, short
-CsHy; and -CgH, 5 alkyl chains bearing the stereogenic S centre
were used for 1b and 2b, respectively (Fig. 12, ESIf). Ideal
columnar aggregates including » = 1-6, 8, 10, and 12 molecules
were generated using the molecular geometry and the stacking
parameters obtained at the MPWB1K/6-31G** level for the central
molecule of a fully optimized pentamer (see ESIf and Fig. 513).
In the (1b), aggregates, adjacent molecules are separated by
Az =3.75 A and are rotated by 8 = 18.2° along the stack forming
a triple H-bonding network with N-H...O=—C distances of
1.85 A. The amide groups are twisted out of the molecular
plane by 43.4° to maximize the intermolecular interactions.
Fig. 3a and b show the structure of the (1b),, aggregate as a
representative example. Similar intermolecular parameters
were used for the (2b), aggregates (see ESI}).

The binding energy per monomer unit (Eying,,) depends on
the number of monomer units (rn) forming the aggregate and is
calculated with eqn (1) using the total energy of the aggregate
instead of the energy of the unit cell (Table S1, ESI}). Fig. 3c and
Fig. S14 (ESIf) show the change, as » increases, of Eying,, for the
(1b), aggregate and provides a clear indication of the cooperative
character of the supramolecular polymerization. As the aggre-
gate grows, the absolute value of Eyng, increases due to the
larger polarization of the stack that strengthens the H-bonding
network, and the aggregate becomes more stable. It is worth
noting that the asymptotic limit (n = o0) is rapidly approached
upon addition of 8-12 monomer units; the increase in stabili-
zation being relatively small from then on. The stabilization of
the columnar aggregate per monomer unit predicted for the
decamer (—123.70 k] mol ") is indeed very close to the value
obtained from the extrapolation to n = « (—129.87 kJ mol ')."*
The increase of Eping,, indicates an initial nucleation process, in
which the stability of the aggregate rapidly increases with n,
followed by an elongation process, in which the incorporation of
new monomeric units has no additional effect. This supports the
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Fig.3 Top (a) and side (b) views of the right-handed helical columnar
arrangement of the (1b);> aggregate bearing S-stereogenic short alkyl
chains. The direction in which the dipole moment grows in the stack is
shown in red. Asymptotic behavior of the binding energy (c) and dipole
moment (d) per monomer unit (Egingn and DMpon,, respectively) upon
increasing the number of manomer units in the (1b),, aggregate; values are
fitted (red line) to a biexponential function as explained in the ESL.E

cooperative polymerization mechanism proposed above from
the experimental data. The cooperative character of the supra-
molecular polymerization is additionally evidenced by the
increase of the dipole moment per monomer unit (DMmon,,)
calculated for (1b),. As shown in Fig. 3d, DM, increases
exponentially with the number of monomeric units along the
growing direction, evidencing the enhancement of the polariza-
tion of the H-bonding network during the nucleation process."?

The binding energies and dipole moments per monomer unit
calculated for (2b), show the same increase discussed for (1b),
(Fig. $15, ESI}). The values predicted for Eyina , (—105.33 k] mol *
for n = oc) are smaller, in absolute value, than those obtained
for (1b), (—129.87 k] mol™' for n = o0). This agrees with the
experimental trends deduced from the thermodynamic data in
Table 1, and suggests a lower degree of cooperativity in the
supramolecular polymerization of tricarboxamides 2. This idea
is also supported by the values obtained for DMpon, ., which are
significantly larger for (1b), (12.94 D for n = o0) than for (2b),
(11.04 D for n = ), indicating a higher polarization of the
H-bonding network in the former.

In summary, we demonstrate herein the cooperative supra-
molecular polymerization of the N-centred trisamides 1 to form
helical aggregates in which the inverted connectivity of the amide
functional groups does not modify the helical sense of the
aggregates in comparison to previously reported tricarboxamides
2. The handedness of the helical structures formed by the self-
assembly of 1 and 2 depends on the absolute configuration (S or R)
of the stereogenic centres located at the peripheral side chains.
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MM/MD simulations performed for infinite aggregates help to
energetically discriminate between the P and M arrangements
and support the preference of a determined helical handedness
depending on the chirality of the stereogenic group. The synergy of
n-7 interactions, the threefold H-bonding between the amides and
the weak dispersive forces between the peripheral alkyl chains
exert a prominent role on the construction of the helical supra-
molecular structures. The cooperative character of the polymeriza-
tion mechanism, higher for retroamides 1 in comparison to
amides 2, is furthermore supported by the dipole moment per
monomeric unit that grows exponentially due to the enhancement
of the polarization of the H-bonding network during the nuclea-
tion process. The results presented in this work exemplify the
remarkable synergy between experimental and theoretical data to
extract valuable information about the supramolecular polymer-
ization process of self-assembling molecules.
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The supramolecular polymerization of pyrene imidazoles 1 and 2,
governed by H-bonding and C—H-- = interactions, yields aggre-
gates showing the characteristic bluish emission pattern of pyrene-
based monomers.

Since its discovery in 1837 by Laurent,' pyrene has become one
of the most studied polycyclic aromatic hydrocarbons due to its
attractive electronic and photophysical properties, and it has
been widely tested as an active component in organic electro-
nics.>® Pyrene is a blue-emitting material with a tendency to
form excimers both in solution and in the solid state. The
formation of excimers red-shifts the emission and reduces its
intensity.”* To improve the emissive properties, great efforts
have been devoted to the structural modification of pyrene
to avoid aggregation and to suppress the quenching effect of
the n-n interactions. Therefore, a challenging task in pyrene
chemistry is the design of derivatives in which supramolecular
order and appropriate blue-emitting features can coexist.

Herein, we describe the synthesis and the supramolecular
polymerization of the pyrene imidazoles 1 and 2 endowed with
peripheral achiral and chiral alkyl chains, respectively (Fig. 1).*
1 and 2 have been designed with a variety of supramolecular
interaction motifs that guide their self-assembly through
H-bonding interactions between amide groups and imidazole
moieties together with a number of C-H. - .r dispersion inter-
actions. The organized supramolecular structures are able to
immobilize apolar solvents like cyclohexane forming gels.” Notably,
the aggregates formed by 1 and 2 show the characteristic blue-
emitting pattern of pyrene-based monomers.

The preparation of 1 and 2 was accomplished starting
from pyrene, 4-carboxybenzaldehyde and the corresponding
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Blue-emitting pyrene-based aggregatest
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Fig. 1 Chemical structure of pyrene imidazoles 1 and 2.
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amine (Scheme S1, ESI§).° Prior to the synthesis of the final
derivatives, two tert-butyl groups were incorporated at positions
2 and 7 of the pyrene moiety to increase the solubility of the
target compounds. The chemical structure of 1 and 2 was
confirmed by NMR, FT-IR and HRMS analysis (see the ESIT).

To unravel the supramolecular polymerization mechanism of
1 and 2, temperature-dependent UV-Vis spectroscopy measure-
ments were performed in methyleyclohexane (MCH) as solvent
(Fig- S1 and S2, ESIt). The bands observed at around 355 and
400 nm in the UV-Vis spectra of both 1 and 2 experience a slight
bathochromic shift and a broadening upon decreasing the
temperature, which is diagnostic of the aggregation process.
Plotting the variation of the absorbance at 404 nm with the
temperature results in cooling curves with an apparent sigmoidal
shape, characteristic of an isodesmic supramolecular polymeriza-
tion mechanism (Fig. S1b and S2b, ESI+).”

To obtain a complete set of thermodynamic parameters,
the UV-Vis cooling curves derived for 1 and 2 were fitted to the
model recently reported by ten Eikelder et al.® The thermo-
dynamic parameters obtained for 1 and 2 demonstrate that the
branched nature of the peripheral alkyl chain in 2 plays a relevant
role, showing significantly different values of the enthalpy of
elongation (AH.), the entropy of elongation (AS) and the nucleation
penalty (AH,,) (Table 1). In contrast, the total free energy (AG) is very
similar in both pyrene derivatives (~35 kJ mol ‘). Especially
interesting is the calculated value of the degree of cooperativity o.
Despite the sigmoidal shape of the cooling curves, ¢ presents values
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Table 1 Thermodynamic parameters for 1 and 2 (MCH)

1 2
AH. [k] mol '] -72+1 —5241
AS [J Kmol —122 + 3 —58+2
AH,, [k] mol '] -7.1£02 -11.5 £ 0.2
AG [k] mol ']* —35.88 -34.73
o[- 5.5 x 107> 9.3 x 10 ?
K, [L mol '] 2.04 x 10° 1.5 x 10°
K, [L mol '] 1.13 % 10° 1.21 x 10*

“The nucleation penalty AM, is negative, which implies that the
enthalpy gain is smaller for nucleation compared to elongation. * The
equilibrium constants for elongation (K.) and dimerization (K,), and
the cooperativity factor (¢ = K,/K.) are calculated at 298 K.

of 5.5 x 1072 and 9.3 x 1072 for compounds 1 and 2, respectively,
which denote a certain degree of cooperativity in the supra-
molecular polymerization of these pyrene derivatives (Table 1).
Interestingly, the self-assembling properties of compounds 1
and 2 are similar and both readily form gels in cyclohexane at
a concentration of ca. 1 wt%. The organogels exhibit blue
emission upon irradiation at 364 nm (Fig. 2).

The emission properties of 1 and 2 were investigated in CHCI;
and MCH. The emission spectra in MCH at 1 x 107° M,
conditions under which 1 and 2 are aggregated, show the typical
pattern of monomeric pyrene with maxima at 400, 423 and
447 nm (Fig. 2 and Fig. S3, ESIt). In contrast, the emission spectra
in CHCl;, a good solvent that facilitates the solvation of isolated
molecules, at 1 x 10 > M feature broad and structureless bands
centred at 448 nm, evidencing the formation of pyrene excimers
(Fig. 2 and Fig. 83, ESI}‘).D’m Compounds 1 and 2 show a
remarkable fluorescence quantum yield (¢ in the aggregated
state (MCH, 1 x 10> M) of 0.43. A lower ¢y value is measured for
the excimer formed in CHCI; (0.38 and 0.22 for 1 and 2, respectively).
To the best of our knowledge, this unusual emissive behaviour has
only been described for a pyrene derivative endowed with a chiral
oligo(glutamic acid) side chain,"* and it was ascribed to a helical
supramolecular organization.

The presence of the stereogenic center on 2 was utilized to put
in evidence the possible helical organization of the aggregates

7004 ——1,MCH, 1e-5M

—— 1, CHCh, 165 M
600
500

400

300

emission intensisty (a. u.)

200

100

350 400 450 s0  ss0 600
h(nm)
Fig.2 Emission spectra of 1in MCH and CHCls (298 K, 1 x 10> M, Jac =
334 nm). The inset shows a picture of the cyclohexane gels obtained from
compounds 1 and 2 with illumination at 364 nm
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formed by 1 and 2 in an attempt to justify the observed emission
properties. Compound 2 shows a weak dichroic response with a
poorly defined bisignated Cotton effect centered at around
250 nm (Fig. S5a, ESIt). In addition, sergeants-and-soldiers (SaS)
experiments were performed by mixing achiral 1 and chiral 2 to
investigate the amplification of chirality."” The SaS experiment
shows a linear increase of the dichroic response upon increasing
the amount of chiral sergeant 2 (Fig. S5b, ESIT). The dichroic data
reveal that compounds 1 and 2 do not self-assemble forming
helical structures and, therefore, this supramolecular organiza-
tion cannot be invoked to justify the observed emission features.
The experimental data arise two questions: (1) which are the
non-covalent forces participating in the self-assembly of 1 and 2?
and (2) what kind of supramolecular aggregate is formed upon
their self-assembly capable of exhibiting the above-mentioned
emissive features? To give an appropriate answer to these
questions, experimental and theoretical studies were performed.
In the FTIR spectra of 1 and 2, the amide I and amide IT bands
at around 1635 and 1560 cm ™, diagnostic of the formation of
H-bonds between the amides, are visible (Fig. $6, ESIT)."* In the
concentration-dependent "H NMR experiments, the triplet at
d ~ 6.3, corresponding to the amide groups, and the resonance
corresponding to the imidazole N-H group (6 ~ 13) show a
downfield shift with increasing concentrations that is indicative
of the formation of an array of H-bonds (Fig. S7, ESI{). On the
other hand, the aromatic resonances, used to envisage the
intermolecular interactions between the aromatic fragments,
show an opposite shifting of the ¢ values upon increasing the
concentration. Thus, whilst the resonance of pyrene at & ~ 9
experiences a shielding effect, one of the anisochronous protons
at the para position of the benzamide moiety (6 ~ 8.2) shifts to
lower ¢ values. A rotating-frame Overhauser effect spectroscopy
(ROESY) NMR expetiment in a concentrated solution of 1 (45 mM,
CDCls, 298 K) was therefore conducted to extract more information
about the supramolecular organization of this pyrene derivative.'*
The ROESY experiment shows a number of intramolecular
through-space coupling signals between the protons spatially
close within the molecule (dotted blue circles in Fig. 3). In
addition, ROESY signals corresponding to intermolecular con-
tacts are also observed (dotted green lines in Fig. 3). Especially
interesting are the contacts observed between the methylene
units of the alkyl side chain and most of the aromatic protons
of the pyrene unit. These contacts suggest an alternated dis-
tribution of the pyrene units in the aggregated state that could
justify the observed monomeric emission properties.
Theoretical calculations were performed on compound 1 within
the density functional theory (DFT) framework to shed light on the
structural and energetic aspects of the pyrene imidazole system
upon aggregation (see the ESIt for computational details). The
isolated molecule shows a planar minimum-energy structure with
an out-of-plane disposition of the amide group (Fig. S8, ESI¥) that
facilitates H-bonding interactions between neighbouring mole-
cules. To unravel the possible contribution of the different
parts of the molecule in the operation of non-covalent forces,
the molecular electrostatic potential (MEP) calculated for 1
(Fig. §9, ESIY) was analysed. The MEP surface shows that the
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9 8 7 [ 5 4 T ] 1 ppm

Fig. 3 ROESY NMR spectrum (CDClz, 300 MHz, 45 x 10 3 M, 293 K) of 1.
The dotted blue, green and black lines highlight intra-, intermolecular or both
through-space coupling signals, respectively. The inset shows the chemical
structure of 1 depicting the anisochronous protons by coloured circles.

largest potential energy points are concentrated in the amide
and the imidazole groups. Negative potential energies of —55.7
and —54.6 keal mol * are calculated in the oxygen and nitrogen
vicinity, respectively, whereas positive potentials of +101.2 and
+121.0 keal mol ™" are located in the N-H region of the amide
and imidazole, respectively. Strong electrostatic interactions
are then expected between monomers by means of H-bonding
interactions involving the amide and imidazole units, as well as
weak n-n and/or C-H- - -n dispersion interactions between the
aromatic units and the aliphatic chains.

A number of dimers, as minimal supramolecular units, can be
modelled for 1 owing to the variety of supramolecular interaction
motifs present in the monomer: (i) the aromatic structure, (ii) the
polar amide and imidazole groups and (iii) the nonpolar long
aliphatic chain. In a first approach, two monomers may accom-
modate either in a parallel or antiparallel disposition by the
n-stacking of the pyrene imidazole cores with themselves or with
the benzamide group, respectively (dimers A and B in Fig. 4). In
dimer A, an amide-amide H bond is formed due to the rotation
of ~30° of the upper monomer around the perpendicular axis.
This structure would grow up in a helical column, but this
possibility has been discarded by CD measurements. Similar
to A, dimer C is arranged in a parallel mode but with the amide
groups pointing in opposite directions and forming a non-linear
H-bond (Fig. 4). A weak H-bonding N-H- - -N interaction between
the imidazole rings is also present in antiparallel dimer B.

Besides the n-n recognition motif that gives rise to structures
A-C, the polar imidazole and amide groups constitute high
potential energy regions for the supramolecular stabilization of
the dimers. Thereby, dimers D-F, in which the formation of
strong H-bonds is the recognition driving force, have been
modelled (Fig. 4). Whereas dimers D and E are only stabilized
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Fig. 4 Minimum-energy geometries calculated for the different dimers
postulated for 1 at the B97D3/6-31G** level of theory.

Table 2 Interaction energy {Eiy). number of H-bond contacts (nyg),
distance of the closest H-bond contact (due) and dominant dispersion
interactions (nr-n, CH---m and CH---CH) that characterize dimers A-F

Eit (kealmol ™) ngs  dys(A) n-n  CH---m  CH---CH
A —54.6 bk 1.918 I — v
B —51.0 1 2.064 1 —_ —_
C —53.7 1 2.051 1l —_ —_
D —32.0 1 1.826 —_ I —_
E -7.7 2 1.822 — — —
F —61.7 2 1.839 = - —

by the H-bond interaction between the imidazole and the amide
groups, respectively, dimer F forms two H-bonds between the
amide and the imidazole groups together with an extended
CH- - -1 stabilization due to the interaction between the aliphatic
chains and the pyrene imidazole cores.

Table 2 summarizes the interaction energy (E;,) and the main
intermolecular forces governing the self-assembly of dimers A-F
calculated at the B97D3/6-31G** level. A topological analysis
of the electron density was also carried out by means of the
NCIPLOT software to obtain the non-covalent interaction (NCI)
surfaces, which provide additional information on the origin of
the supramolecular aggregation (Fig. S10 and S11, ESI¥).

Dimers A, B and C are computed very close in energy owing to
the similar number and nature of the interactions stabilizing the
aggregate. Dimers B and C display the typical green surface
indicative of dispersion interactions along the n-m skeleton
between monomers (Fig. $10, ESIT). Stabilizing CH: - -CH inter-
actions between the aliphatic chains are additionally found for
A, which is calculated to be slightly more stable than B and C. In
these three dimers, weak H-bonds are formed as indicated by the
closest NH: --N/O contacts in the range of 1.92-2.06 A (Table 2).

The situation is different for dimers D, E and F. Dimer E
is stabilized by two H-bonding interactions between the two
amides in a cis disposition. The occurrence of dimer E is however
very unlikely because of: (i) the high barrier (15 keal mol ') that

This journal is © The Royal Society of Chemnistry 2015
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Fig. 5 Top (a) and side (b) views of the B97D3/6-31G**-optimized geometry
calculated for the tetramer of 1. Dotted lines emphasise the H-bonding array
established between the imidazole and amide units. Only hydregen atoms
involved in H-bonding interactions are shown.

has to be overcome to convert a trans amide into a cis amide
(Fig. $12, ESIt) and (ii) the small interaction energy (7.7 keal mol %)
resulting from the lower stability of the cis conformation. The
cross shape of dimer D enables a strong H-bond interaction
between the imidazole groups (N---H-N distance of 1.83 A) and
incorporates C-H- - -1 interactions between the tert-butyl groups
of one monomer and the aromatic pyrene core of the other
(Fig. S10, ESIt). Nonetheless, the Ej,, computed for this dimer
(—32.0 kcal mol ') cannot compete with the stabilization
obtained for the n-n patterned dimers A-C. Finally, dimer F
combines H-bonding interactions between the imidazole and
amide groups and C-H- - -7 stabilizing interactions between the
alkyl chains and the pyrene cores (Fig. 4 and Fig. $10, ESIT). The
additive effect of these interactions leads to the highest stability
(Eine = —61.7 keal mol™ ') among all the computed dimers. The
structure of dimer F allows us to identify all the ROESY signals
observed experimentally and, in particular, the short contacts
between the alkyl chains and the pyrene cores (Fig. $13, ESIt). In
addition, the absence of n—n interactions between the pyrene
cores in dimer F explains the emission properties similar to the
monomer. Dimer F is therefore proposed as the most plausible
associate for compounds 1 and 2.

To rationalize how dimer F can grow up from such non-
planar, distorted disposition of the monomers, the tetramer
shown in Fig. 5 was built up through an imidazole-amide-
imidazole H-bond sequence. The minimum-energy geometry com-
puted for the tetramer reveals that the H-bonding motifs are
preserved along the monomeric pairs. The average NH(amide)-
N(imidazole) contact is computed to be 2.18 A, whereas the
CO(amide)-HN(imidazole) interaction is calculated to be 1.82 A.
The total interaction energy in the tetramer reaches —182.1 keal mol ,
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which corresponds with an Ej, = —60.7 keal mol ™! per
monomer pair. This value is very close to the Ej,, computed
for dimer F (—61.7 keal mol 1), suggesting that: (i) the oligomer
can easily grow keeping the strong H-bond pattern and the
stabilizing C-H- - -n forces and (ii) the degree of cooperativity in
the supramolecular polymerization should be very small.

In summary, we have synthesised pyrene imidazoles 1 and 2
that prevent the formation of excimers upon aggregation. The
number and type of non-covalent interactions operating in the
aggregation of these pyrene derivatives result in an amazing
scenario of possibilities for 1 and 2 to self-assemble. Both
experimental and theoretical studies demonstrate that the forma-
tion of the aggregates is mainly governed by the H-bonding
interaction between the amide functionality and the imidazole
moiety, together with a number of C-H:- .t interactions. The
absence of m-n interactions between the pyrene cores determines
that the aggregate preserves the blue-emitting properties of
the monomer. The results presented herein demonstrate the
complex pathway followed by 1 and 2 to finally yield blue-
emitting supramolecular aggregates.
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“To succeed, jump as quickly at opportunities

as you do at conclusions.”

Benjamin Franklin






Chapter 7. Conclusions

Chapter 7. Conclusions

In the present Thesis, a thorough theoretical study has been performed
on a wide variety of electroactive molecular systems with appealing
optical, electronic and self-assembling properties to be exploited in
organic electronics and materials science. The following conclusions are
summarised according to the three Chapters in which the results of the

Thesis have been divided:

Covalent donor-acceptor architectures

The electronic and optical properties of donor-acceptor chromophores
absorbing in the whole visible spectrum have been theoretically
characterised. In particular, DFT calculations provide information on the
most interesting regioisomers of exTTF-DCF to be synthesized for
maximum benefit in dye-sensitized solar cells (DSCs). The three possible
regioisomers show equivalent absorption features in comparison with
the parent exTTF-TCF, with intense low-lying charge-transfer bands
calculated in the visible range. However, the exTTF-DCF-A derivative is
found as the most promising dye owing to its more stable anchorage and

perpendicular disposition upon linkage to the semiconductor.

Di-branched chromophores based on an analogous donor hemiexTTF
moiety have also been investigated, showing low-lying charge-transfer
bands and a red-shift of the absorption upon inclusion of the EDOT -
conjugated bridge between donor and acceptor units. First-principles
calculations demonstrate that the most plausible adsorption mode of the

carboxylic-substituted di-branched dyes onto titania is a monodentate
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coordination of the cyanoacrylic acid group in both anchoring branches.
This coordination displays the most stable anchorage of the target dye to
the semiconductor surface, as well as two broad and intense LUMO bands

that would enhance the electron injection into the semiconductor.

Supramolecular donor-acceptor complexes

Supramolecular donor-acceptor complexes have been studied under the
DFT framework including dispersion corrections to help rationalize the
origin of the forces guiding the self-assembly of carbon-based nanoforms
by electroactive hosts. Theoretical calculations show that the convex-
planar mismatch between porphyrin hosts and a Ceo fullerene derivative
is overcome by strong noncovalent interactions, which show
predominant electrostatic nature upon metal substitution in the
porphyrin. Quantum chemistry calculations on ditopic porphyrin
receptors of Ceo fullerene confirm a reduction of the electron density of
the host upon inclusion of the first fullerene guest, in good accord with
the negative cooperativity found experimentally for these systems.
Interestingly, the ditopic porphyrin tape may accommodate the second
Ceo ball in a syn or an anti disposition. First-principles calculations
demonstrate that the syn arrangement is ~ 5 kcal mol-! more stable, a
fact that raises from a stabilizing m-m interaction between the two

fullerene balls and partially compensates the negative cooperativity.

On the other hand, unexpected concave-concave supramolecular
assemblies are calculated as the most stable arrangements in donor-
acceptor truxTTFebuckybowl complexes. In these conformations, not
only -t but especially CH--- interactions are prominent. Free-energy
estimations for the donor-acceptor association indicate that only the

staggered (concave-concave) assemblies are formed in solution, in nice
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agreement with the relevant NMR information. Theoretical calculations
confirm the existence of low-lying weak charge-transfer bands described
by the one-electron promotion from the electron-donor truxTTF to the
buckybowl, which acts as an acceptor. The existence of the corresponding
charge-separated species upon photoexcitation is confirmed by
spectroscopic techniques in a fruitful collaboration with experimentalist

research groups.

Supramolecular polymers

Discotic-like electroactive building blocks have been used to theoretically
analyse the self-assembling properties of supramolecular polymers
governed by noncovalent interactions. In particular, N-centred
trisamides are calculated to aggregate in supramolecular helices guided
by m-m interactions between the aromatic cores and, especially, by a
triple array of H-bonds between amides. This H-bond pattern is
calculated as the responsible of the cooperativity of the polymerization
process, which leads to an increasing binding energy and dipole moment
per monomeric unit upon growth. The multi-level theoretical approach
employed unambiguously allows identification of the helical sense as a
function of the stereogenic aliphatic chain, and indicates a negligible role
of the connectivity of the amide groups in the resulting helical

orientation.

On the other hand, pyreneimidazole derivatives are shown to promote
the self-assembly of organogels with an unexpected blue-emission.
Theoretical calculations demonstrate, in synergy with the experimental
evidences, that the self-assembly process is governed by the H-bond
interactions between imidazole and amide groups together with a large

number of CH---m interactions between the aliphatic chain and the pyrene
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aromatic core. The absence of m-m interactions between the
pyreneimidazole cores allows explaining the preservation of the blue-

emitting features exhibited by our derivatives upon polymerization.
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8.1. Introduccion

En los ultimos afos, la ciencia asociada a los nuevos materiales
moleculares ha avanzado extraordinariamente, surgiendo un 4area
interdisciplinar que requiere principalmente de la quimica para el disefo
y caracterizacion, de la fisica para el estudio de las propiedades, y de la
ingenieria para sus aplicaciones industriales. Una gran mayoria de los
compuestos quimicos con propiedades dpticas y electrénicas utiles para
su implementacion en dispositivos optoelectrénicos pertenecen a
arquitecturas electroactivas basadas en la unién de una entidad rica en
densidad electrénica (dador o D) y otra con deficiencia electrénica
(aceptor o A). Dicha unién puede construirse tanto a través de la quimica
covalente, por ejemplo mediante espaciadores m-conjugados, como
haciendo uso de la quimica supramolecular, en la que participan
interacciones no-covalentes como los enlaces de hidrogeno o las fuerzas

de dispersidn.

Las arquitecturas covalentes dador-aceptor (o push-pull) han sido
utilizadas como cromoéforos en muy distintas aplicaciones, tales como
Optica no-lineal, materiales piezoeléctricos y electro-o6pticos, sondas
fotocrémicas y solvocréomicas, etc., entre las que destaca su utilizacién en
celdas fotovoltaicas. Los colorantes push-pull son empleados en las
denominadas celdas solares de tipo Gritzel, o celdas solares
sensibilizadas por colorante (DSCs), para transferir la energia que
absorben de la luz solar a un semiconductor mediante la transferencia de

los electrones fotoexcitados. El bajo coste, la versatilidad quimica y el bajo
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impacto medioambiental constituyen las mayores ventajas de los
colorantes puramente organicos frente a los analogos metalicos. Sin
embargo, s6lo unos pocos de estos cromdforos organicos son capaces de
competir con las elevadas eficiencias obtenidas con los complejos de

rutenio(Il).

La clave para conseguir DSCs con eficiencias crecientes no sélo depende
de la naturaleza del croméforo, sino también de las caracteristicas del par
electrolitico, asi como del disolvente y de la topologia del semiconductor.
Recientes estudios han demostrado que la alta eficiencia obtenida con los
colorantes de rutenio tiene en parte su origen en el nimero de grupos
carboxilicos que pueden anclarse al semiconductor. Una mejor
comprension del efecto multi-anclaje es, por tanto, de gran interés para
el disefio de nuevos cromoé6foros puramente organicos que mejoren las

eficiencias obtenidas en DSCs.

Mientras el proceso de transferencia de carga en un sistema covalente
dador-aceptor tiene lugar intramolecularmente, el proceso analogo
ocurre de forma intermolecular en los sistemas conocidos como
complejos supramoleculares dador-aceptor. La combinacién de la
versatilidad quimica para sintetizar sistemas dadores y aceptores con la
infinidad de posibilidades que brinda la quimica supramolecular, ha
permitido la construccién de complejos dador-aceptor “host-guest’
utilizados en el reconocimiento de nanoformas de carbono (fullerenos,
nanotubos o fragmentos de fullereno) y otras entidades quimicas de
interés. El disefio de complejos supramoleculares ayuda en ultima
instancia a entender el origen fisico de las fuerzas que participan en el
proceso de autoensamblaje, asi como los mecanismos por los que

transcurren los fenémenos de transferencia de carga.
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El ensamblaje de sistemas quimicos electroactivos mediante quimica
supramolecular para la generacion de agregados poliméricos sienta las
bases de la quimica de polimerizacién supramolecular. Al contrario que
la polimerizacion covalente, en la cual las unidades quimicas se unen
mediante enlaces covalentes, la polimerizacién supramolecular se basa
en el crecimiento direccional de entidades moleculares discretas unidas
a través de interacciones no-covalentes. Debido a sus propiedades de
emision de luz, transferencia de energia y carga, y conductividad
eléctrica, el uso de los polimeros supramoleculares como materiales
reciclables, degradables, sensibles a estimulos externos y

autorreparables esta cada vez mas extendido.

La quimica supramolecular de materiales poliméricos, a su vez, abre las
puertas al estudio de una caracteristica fundamental de la materia viva y
la naturaleza: la quiralidad. El fenémeno de la quiralidad es muy habitual,
encontrandose en sistemas de dimensiones tan distintas como las
moléculas, los virus, los caracoles, las enredaderas o incluso nuestra
propia galaxia. Sin embargo, los fendmenos fisicos que originan y
promocionan una entidad quiral frente a su imagen especular siguen
siendo un misterio. Dentro de la quimica supramolecular, el
autoensamblaje tiene lugar a través de la organizacion auténoma de los
componentes moleculares. A pesar de que la quiralidad supramolecular
esta fuertemente relacionada con la presencia de componentes quirales
en las moléculas, entidades aquirales también pueden producir
superestructuras quirales a través del autoensamblaje. El disefio y
estudio de nuevos polimeros supramoleculares es, por tanto, esencial
para comprender y profundizar en el fendmeno de la autoagregacion y el

origen de la quiralidad.
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8.2. Objetivos

La presente Tesis se ha dividido en tres partes de acuerdo con los
Capitulos en los que se ha desarrollado la exposicion de los resultados.
Los objetivos dentro de cada Capitulo se resumen de la forma que sigue
(las estructuras de los distintos compuestos se muestran en las figuras

correspondientes en cada seccidn).

Arquitecturas dador-aceptor covalentes:

» Caracterizacion de las propiedades opticas, electrénicas y de
anclaje al semiconductor del regioisomero de exTTF-DCF que
permita una mayor eficiencia en celdas solares de tipo Gratzel.

» Determinacion de las caracteristicas de absorcidn en derivados
dador-aceptor di-ramificados de hemiexTTF. Calculo del efecto
de la naturaleza del espaciador-mt (benceno o EDOT) en las
propiedades opticas del croméforo.

» Inspeccion tedrica de los aspectos energéticos y geométricos de
los distintos tipos de anclaje de un colorante di-ramificado de
hemiexTTF en una superficie de TiO,. Determinacién del modo
preferencial de anclaje (simple vs. doble, monodentado vs.
bidentado) y los efectos de dicho modo en la eficiencia final del

dispositivo fotovoltaico.

Complejos dador-aceptor supramoleculares:

» Descripcidon quimico-cuantica de las fuerzas no-covalentes que
gobiernan el reconocimiento supramolecular de un huésped de
fullereno por anfitriones de metaloporfirina: efecto del metal.

» Cuantificacién de las fuerzas no-covalentes y del efecto de

cooperatividad que dan lugar al reconocimiento supramolecular
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entre anfitriones de porfirina dit6picos y un derivado de fullereno
en complejos de estequiometria 1:2.

» Caracterizacion tedrica de las distintas estructuras posibles para
agregados dador-aceptor de truxTTF con una serie de
fragmentos de fullereno de distinto tamafio.

» Determinacion de las propiedades oOpticas y electronicas de los
complejos de truxTTFebuckybowl que permitan explicar el
proceso de transferencia electrénica supramolecular tras la

fotoexcitacion.

Polimeros supramoleculares:

» Caracterizacion teodrica de las fuerzas que originan el
autoensamblaje cooperativo en derivados trisamida discoéticos.

» Asignacion de la orientacién helicoidal del polimero
supramolecular en funciéon de la cadena alifatica quiral y la
conectividad de los grupos amida al esqueleto bencénico.

» Determinaciéon de la naturaleza de las interacciones no-
covalentes que gobiernan el autoensamblaje en derivados de
pirenoimidazol: prediccién de la estructura de los agregados y

justificacion de las propiedades 6pticas.

8.3. Metodologia

Para lograr los objetivos de la presente Tesis, se ha hecho uso extensivo
de calculos quimico-cuanticos y de mecanica molecular, ademas de la
serie de técnicas computacionales y herramientas de modelizacién que se

resumen a continuacion.
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La teoria del funcional de la densidad (DFT) ha sido el marco general en
el que se ha desarrollado la investigacidn tedrica expuesta en la presente
Tesis. Tanto las optimizaciones de geometria como los calculos puntuales
de energia se han realizado utilizando los funcionales de la densidad
detallados en cada caso. En funciéon del tamaiio del sistema a tratar, asi
como de la exactitud en (y la complejidad de) la propiedad a calcular, se
ha hecho una eleccién razonada del funcional atendiendo a su rango de
acuerdo con la famosa escala de Jacob propuesta por Perdew en el 2000.
Asimismo, los calculos de propiedades o6pticas se han llevado a cabo

mediante la teoria DFT dependiente del tiempo (TDDFT).

En particular, el funcional hibrido B3LYP se ha utilizado para la
optimizacién de sistemas covalentemente unidos, como los descritos en
el Capitulo 4. El funcional B3LYP también se ha usado para realizar los
calculos de frecuencias y la prediccién de las propiedades 6pticas, tanto
en los compuestos dador-aceptor covalentes (Capitulo 4) como en los
complejos supramoleculares (Capitulo 5y 6). Para la optimizacién de los
sistemas supramoleculares descritos mediante interacciones no-
covalentes, se ha usado la aproximacion de Grimme (-D, o su ultima
version -D3) acoplada a funcionales puros GGA como el B97 o hibridos
como el revPBEO. Finalmente, el funcional hibrido meta-GGA MPWB1K se
ha empleado en la determinacidn cuantitativa de la energia de asociacion
y momento dipolar en los agregados helicoidales de trisamida (Seccién

6.2.1).

El conjunto de funciones de base necesario en cualquier calculo DFT ha
sido elegido para conseguir una relaciéon precision-coste computacional
lo mas alta posible. En lineas generales, se han utilizado conjuntos de

funciones de base doble o triple-{ de valencia para optimizaciones de
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geometria y calculos puntuales de energia. Ademas, se han utilizado
pseudopotenciales para la descripcion de la parte electrénica interna en
elementos con un elevado nimero atémico, como son los metales de
transicion en el modelizado del semiconductor de TiO, (Capitulo 4) y de

metaloporfirinas (Capitulo 5).

En los casos donde el tamafio del sistema ha hecho inaccesible el uso de
la metodologia DFT para la exploraciéon inicial de las estructuras
geomeétricas, por ejemplo en los agregados supramoleculares basados en
porfirina con fullereno (Capitulo 5), el uso de métodos semiempiricos
(PM7) ha permitido el calculo computacional a un coste asumible. En el
Capitulo 6, se ha utilizado la mecanica molecular y el campo de fuerzas
general MM3 para el calculo de los polimeros supramoleculares (mas de
1000 atomos). Este campo de fuerzas también se ha usado para entender
la evolucién de los polimeros supramoleculares helicoidales en funcién
del tiempo (Capitulo 6) mediante calculos de dindAmica molecular. En una
simulacién de dinamica molecular, la resolucién numérica de las
ecuaciones de movimiento de Newton permite determinar las
trayectorias de los atomos y moléculas en funcién del tiempo. Para el
calculo de las dindmicas moleculares se ha empleado el algoritmo de

Verlet.

Por otro lado, la dindmica molecular clasica no permite dar una solucién
para la modelizacién de sistemas que implican la ruptura y formacién de
enlaces quimicos (Capitulo 4). Para ello, se ha empleado una dindmica
molecular ab initio con el algoritmo de Car-Parrinello, el cual considera
el comportamiento electrénico a través de la simulaciéon mediante
métodos quimico-cudnticos. En concreto, el método Car-Parrinello

introduce explicitamente los grados de libertad electrénicos como
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variables dinamicas (ficticias), donde los grados de libertad nucleares se
propagan mediante fuerzas idnicas tras la resolucién del problema

electrénico en cada iteracion.

Las condiciones de entorno de disolvente en los calculos quimico-
cuantico se han introducido utilizando modelos de continuo. Un modelo
de disolvente continuo consiste en la descripcién del disolvente como un
dieléctrico homogéneo alrededor del soluto. En estos modelos, la
interaccion soluto-disolvente se calcula a través del denominado campo
de reaccién, el cual se introduce como un potencial de reaccién a modo
de perturbacion dentro del Hamiltoniano. De entre los métodos de campo
de reaccion mads utilizados, se ha hecho uso del modelo continuo
polarizable (PCM) y del modelo basado en la densidad electrénica del

soluto (SMD).

Con el fin de simular las condiciones periddicas necesarias para un
semiconductor soélido (Capitulo 4) o un polimero supramolecular
unidimensional (Capitulo 6), se han utilizado condiciones de contorno
periddicas (PBC). Esta herramienta computacional permite modelizar un
sistema continuo mediante la replicaciéon de una pequefia parte llamada
celda unidad. Las condiciones de contorno peridédicas se usan
ampliamente en dinamica molecular para evitar problemas de efectos de
frontera provocados por la naturaleza finita del sistema modelizado

mediante la creacién de una representacion similar al infinito.

Por ultimo, se han utilizado herramientas computacionales especificas
para una mejor comprension de las interacciones no-covalentes que rigen
el autoensamblaje supramolecular. Por ejemplo, la teoria de
perturbaciones de simetria adaptada (SAPT) ha permitido la particion de

la energia intermolecular entre dos entidades moleculares en un
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agregado supramolecular (Capitulo 5). Asimismo, el indice no-covalente
(NCI) desarrollado por Contreras y colaboradores se ha empleado en la
descripciéon y racionalizaciéon de las interacciones involucradas en la
polimerizacién supramolecular de derivados de pirenoimidazol

(Capitulo 6).

8.4. Arquitecturas dador-aceptor covalentes

En este Capitulo, se ha llevado a cabo la caracterizacién tedrica de
sistemas dador-aceptor basados en las unidades dadoras de exTTF y
hemiexTTF para su uso como colorantes en celdas solares tipo DSC. En
concreto, se han analizado las propiedades dpticas y electronicas de
derivados de exTTF-TCF en los que se sustituye un grupo ciano por un
grupo de anclaje eficiente carboxilico. Asimismo, se han estudiado
analogos di-ramificados derivados del hemiexTTF donde se ha analizado
la naturaleza del espaciador m (benceno o EDOT) y su efecto en las
propiedades opticas del croméforo. Por ultimo, se han determinado las
implicaciones de los posibles modos de anclaje (mono vs. di-dentado;
simple vs. doble) en colorantes di-ramificados, y sus consecuencias en la

eficiencia final del dispositivo fotovoltaico.

8.4.1. Cromoéforos de exTTF mono-ramificados

En esta Seccidon, se ha realizado el estudio teoérico sobre cromoforos
dador-m-aceptor basados en la unidad dadora de electrones de exTTF y la
unidad aceptora de tricianofurano (TCF) sustituida con un grupo
cianoacrilico (derivados exTTF-DCF) para investigar su potencial como
colorantes en DSCs (Figura 1). Los resultados tedricos indican que el

grupo carboxilico no sdlo es mas apropiado para el anclaje del colorante
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al semiconductor, sino que también favorece la inyeccién de carga hacia
el dispositivo dada su mayor capacidad para acumular densidad
electronica. Los tres posibles regioisémeros del exTTF-DCF absorben
intensamente la radiacion en todo el espectro visible,
independientemente de la posicidn en la que se introduzca el grupo de
anclaje carboxilico. La absorciéon en todo el visible es debida a las
transiciones de transferencia de carga de baja energia que tienen lugar
entre la unidad dadora de exTTF y la unidad aceptora m-conjugada, a

semejanza de su analogo de exTTF-TCF.
a) : b)

& Je = =
AT~
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, .
exTTF  puentemm  TCF/DCF

Figura 1. a) Representacion esquemadtica de los tres regioisémeros posibles
estudiados por sustituciéon de un grupo ciano en la unidad de TCF del exTTF-TCF
por un acido carboxilico (A, B o C). b) Vista lateral de la estructura de minima

energia para el regioisémero exTTF-DCF-A.

El proceso de adsorcién del exTTF-DCF sobre la superficie del
semiconductor se ha estudiado mediante calculos de estado soélido
periddicos utilizando el algoritmo de Car-Parrinello. Los calculos
teéricos demuestran que hay diferencias importantes en la distancia que
separa la unidad dadora de exTTF y la superficie de TiO; en funcidén de la
posicion en que se introduzca el grupo carboxilico, sugiriendo uno sélo
de los derivados de exTTF-DCF (el exTTF-DCF-A, Figura 1) como el

6ptimo para su uso como colorante en DSCs. Dicho derivado, debido a su
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disposicidn cuasi-perpendicular con respecto a la superficie de TiO,
permitiria reducir los procesos de recombinacién de carga y provocaria
un aumento del voltaje de circuito abierto en el dispositivo. Asimismo, el
fendmeno indeseado de la autoagregacién quedaria prevenido por la
particular forma de mariposa que posee la unidad dadora de exTTF. El
exTTF-DCF-A muestra, por tanto, unas propiedades opticas y de
adsorcién idéneas para su utilizacién como colorante en celdas solares

tipo DSC.

8.4.2. Cromoéforos de hemiexTTF di-ramificados

Inspirados por las recientes evidencias sobre la importancia del niimero
de grupos de anclaje del colorante en el rendimiento de un dispositivo
DSC, hemos disefiado, en colaboracidn con el grupo experimental del Prof.
Nazario Martin, una serie de diadas dador-aceptor basadas en la
molécula dadora de exTTF poseyendo dos ramas de anclaje electron-
aceptoras. En primer lugar, exploramos las propiedades electronicas y
Opticas de cromoforos en los que el fragmento dador de 10-(1,3-ditiol-2-
iliden)-antraceno (hemiexTTF) se ha combinado con unidades aceptoras
de dicianovinileno (DCV) a través de puentes conjugados de benceno

(Ph) o 3,4-etilendioxitiofeno (EDOT) —Figura 2—.
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hemiexTTF-Ph-DCV hemiexTTF-EDOT-DCV

Figura 2. Estructura quimica de los croméforos push-pul/basados en la unidad
de hemiexTTF incorporando dos tipos de espaciadores m: un fenilo (hemiexTTF-

Ph-DCV, izquierda) y un grupo EDOT (hemiexTTF-EDOT-DCV, derecha).

Los calculos tedricos predicen estructuras muy distorsionadas tipo silla
de montar, en las cuales el antraceno central se dispone en una
conformacion de bote y las unidades laterales se pliegan en direccién
contraria, de forma similar a las estructuras obtenidas para los derivados
de exTTF. Los derivados de hemiexTTF-Ph-DCV y hemiexTTF-EDOT-DCV
presentan una elevada absorcién en todo el espectro visible debido a las
transiciones electrénicas de transferencia de carga de baja energia que
tienen lugar entre la unidad dadora y aceptora. Estas transiciones son
muy intensas debido al solapamiento efectivo existente entre los niveles
HOMO y HOMO-1, localizados en la unidad dadora de hemiexTTF, y los
niveles LUMO y LUMO+1, localizados en las ramas aceptoras, implicados

en dichas transiciones.

8.4.3. Modos de adsorcion de anclaje simple vs. doble

Dadas las excelentes propiedades de absorcién mostradas por los
colorantes di-ramificados basados en el hemiexTTF, en una segunda

etapa se sustituyeron las unidades aceptoras de dicianovinileno por
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unidades aceptoras de anclaje cianoacrilicas. Los calculos tedricos
indican que estos sistemas poseen bandas de transferencia de carga
intramolecular a bajas energias, que determinan una intensa y amplia
absorcién en todo el espectro visible, en analogia con los cromoéforos de
hemiexTTF-nt-DCV. Si bien los experimentos de infrarrojo indicaban que
estos nuevos cromoforos se anclan a la superficie del semiconductor de
TiO2 mediante un modo de adsorcidn doble, el modo de coordinacién de
cada grupo carboxilico al semiconductor no se pudo elucidar de forma
inequivoca. Con el fin de determinar dicho modo de coordinacién y las
implicaciones que el modo de adsorcién di-anclaje tiene en el
rendimiento de la DSC (Figura 3), se ha llevado a cabo una exhaustiva
investigacién teorica sobre cromoéforos di-anclaje modelo combinando

calculos de primeros principios DFT y dindmica molecular ab initio.

’k o-d \
-—_o ; - C\O
R
--03_| O-Ti--: o / e .-O3_| O-Ti.
> - T N o L > A
Tl\\_ —Ti//o4\ r_-iri\‘ i —- TI\\ i
M1 M2 BB
b)

simple doble

Figura 3. Representacion grafica de: a) los tres modos de coordinacién
principales del grupo carboxilico/carboxilato (monodentados M1 y M2, y
bidentado BB), y b) los dos modos de adsorcion posibles para un croméforo di-

ramificado en DSCs.
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En primer lugar, el analisis de las frecuencias calculadas tedricamente ha
permitido la asignacién inequivoca de los modos caracteristicos del
grupo CO en los espectros experimentales publicados por Bouit y
colaboradores. Asi, los calculos teéricos indican inequivocamente que los
cromoforos de hemiexTTF con grupos carboxilicos se anclan sobre el

conductor mediante una unién monodentada.

Con el fin de esclarecer el orden energético de las diferentes estructuras
posibles para el sistema coloranteeTiO2, se ha modelizado un sistema di-
ramificado unido a una superficie de anatasa (101) usando condiciones
de contorno periddicas. De entre todas las estructuras calculadas, la
conformaciéon monodentada de anclaje doble (M1-M1) es la mas estable.
Ademads, dindmicas moleculares Car-Parrinello indican que, a
temperatura ambiente, los enlaces de hidréogeno entre el grupo
carboxilico y el semiconductor se pueden romper y formar con facilidad.
La consecucion de la dindmica permitié confirmar que la conformacién
de di-anclaje monodentada M1-M1 es la mas estable, y que supera en mas
de 13 kcal mol-1 en estabilidad al resto de conformaciones posibles, en

buen acuerdo con las evidencias experimentales.

Por ultimo, el analisis de la densidad de estados proyectada nos permite
concluir que los modos de adsorcién de anclaje doble desplazan la banda
de conduccién del TiO; a energias ligeramente mas altas que los modos
de anclaje simple. Este desplazamiento provoca un incremento del voltaje
de circuito abierto, dando lugar a mayores eficiencias de conversién en
DSCs. Por otro lado, la existencia de dos bandas LUMO cuasi-degeneradas,
correspondientes a las dos ramas de anclaje idénticas del colorante, da

lugar a una mayor interacciéon con el semiconductor en el modo di-

206



Capitulo 8. Resumen

anclaje, lo cual permitiria una inyeccion electrénica mas eficiente y una

mejora en el rendimiento del dispositivo.

8.5. Complejos dador-aceptor supramoleculares

En este Capitulo, se han investigado una serie de compuestos
monotopicos y ditdpicos de porfirina utilizados como receptores en el
reconocimiento supramolecular de derivados del fullereno Ceo.
Asimismo, se ha estudiado la formacién de agregados supramoleculares
dador-aceptor entre el dador de electrones truxTTF y fragmentos de
fullereno de distinto tamafio. Estos sistemas presentan propiedades
interesantes de transferencia electrénica fotoinducida. Mediante calculos
de primeros principios, se ha caracterizado la naturaleza e intensidad de
las fuerzas que gobiernan el proceso de asociacidn, y el origen de la

transferencia de carga supramolecular que ocurre tras la fotoexcitacion.

8.5.1. Efecto del atomo metalico: ensamblajes monotopicos de
porfirinaeCeo

Se ha llevado a cabo la investigacion teérica de una serie de nuevos
complejos cup-and-ball metaloporfirinaefullereno en colaboraciéon con
los grupos liderados por los Profs. Nazario Martin y Jean-Francois
Nierengarten, con el fin de arrojar luz sobre la naturaleza y fuerza de las
interacciones no-covalentes que gobiernan el autoensamblaje
supramolecular de derivados de fullereno con porfirinas
metalosustituidas. Los complejos estudiados se generan a partir de la
union supramolecular de un derivado del metano[60]fullereno con
sistemas conjugados de porfirina-éter corona incorporando como

atomos centrales 2H, Co, Ni, Cu y Zn (Figura 4).
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1 2-M

Figura 4. Estructura quimica del huésped de metano[60]fullereno 1 (izquierda),
el receptor de metaloporfirina 2-M (centro), y el complejo supramolecular host-

guest2-Me1 (derecha). M puede ser: 2H, Co, Ni, Cu, Zn.

Los cdlculos tedricos en los complejos de porfirinaefullereno indican que
la asociaciéon supramolecular se origina por dos interacciones clave: la
interaccion metal-Ceo y los enlaces NH---O entre el grupo amonio y el éter
corona. Asimismo, los calculos teéricos muestran que las interacciones de
tipo dispersién CH:--mt entre los tert-butilos de los anillos bencénicos de
la porfirina y la nube m del fullereno también contribuyen, aunque en
menor medida, a la complejacion supramolecular. La energia de
asociacion calculada para los distintos asociados indica que la
complejacién es mas eficiente a medida que el metal posee mayor
densidad electronica, siendo sin embargo el complejo con Co el mas

estable.

Teniendo en cuenta que el Cg interacciona con la porfirina
fundamentalmente a través de uno de los dobles enlaces [6,6] ricos en
electrones, decidimos modelizar un sistema supramolecular simplificado
de porfirina interaccionando con una molécula de etileno. Los cdlculos de
alta precisién sobre este modelo han permitido establecer una relacién

inversa entre la distancia metal-etileno y la energia de asociacidon de
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acuerdo con el siguiente orden (de mayor a menor distancia) para la

sustituciéon metalica: Ni > Cu > Zn > Co.

Calculos quimico-cuanticos usando la teoria de perturbaciones de
simetria adaptada (SAPT) muestran que el complejo con porfirina no-
metalada se estabiliza en mayor medida gracias a fuerzas de dispersion.
Para los complejos de porfirina con sustituciéon metdlica, la contribucién
electrostatica a la estabilizacion del complejo aumenta y se hace

predominante, especialmente para el ensamblaje con porfirina de Zn.

8.5.2. Cooperatividad en complejos ditopicos de porfirinaeCeo

Tomando como referencia el conocimiento adquirido en el estudio de los
sistemas descritos sobre derivados monotdépicos de metaloporfirina con
fullereno, decimos llevar a cabo una investigacién sobre dos nuevos
analogos ditépicos de porfirina para su complejacion con fullereno. Este
trabajo se realiz6 en colaboraciéon con los grupos experimentales

dirigidos por los Profs. Nazario Martin y Jean-Frangois Nierengarten.

En primer lugar, las estructuras de minima energia indican que el
ensamblaje supramolecular entre las entidades dit6picas de porfirina con
el derivado de metano[60]fullereno se origina a través de interacciones
metaloporfirina-Ceo y NH:--O (Figura 5 y Figura 6), en analogia con los
resultados obtenidos con los homdlogos monotdpicos descritos en el
apartado anterior. Tras la incorporacion del primer huésped de fullereno,
la mitad porfirinica mas alejada se acomoda espacialmente para intentar
interaccionar con el fullereno, bien mediante interacciones CH-: 1 en el
derivado meso-meso o a través de contactos m-m en el tape. La
introduccién del huésped de fullereno produce, a su vez, una disminucion
en la densidad electrénica de la porfirina no-interaccionante,

permitiendo  explicar la  cooperatividad negativa  obtenida
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experimentalmente para estos complejos tras la inclusion de la segunda

unidad fullerénica.

Figura 5. Estructura quimica (izquierda) y geometria de minima energia
calculada a nivel B97-D3/(6-31G**+LANL2DZ) (derecha) para el ensamblaje
supramolecular del receptor ditépico de porfirina meso-meso 3 con una y dos

moléculas de huésped de fullereno 1.

Las estructuras de minima energia calculadas para el agregado de
estequiometria 1:2 muestran distancias entre los dos fullerenos de 3.7 A
en la porfirina meso-meso, a expensas de distorsiones entre las dos
mitades porfirinicas fuera de la perpendicularidad (Figura 5). En el
agregado de porfirina tape la introducciéon del segundo huésped de
fullereno puede dar lugar a: una conformacion en la que las dos bolas de
fullereno se sitian en el mismo lado (disposicién syn), u otra en la que las
dos bolas se sitian en lados opuestos del plano generado por la cinta
porfirinica (disposicidon anti) —Figura 6—. El analisis teérico de ambas

conformaciones indica que la presencia de una interaccién m-m
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estabilizante entre los dos fullerenos es la causa fundamental de la mayor
estabilidad encontrada para el complejo syn. Dicha interaccién reduciria
la cooperatividad negativa en la introduccién de la segunda unidad de
fullereno en la porfirina tape, tal y como sugieren las evidencias

experimentales.

4el,-anti

Figura 6. Estructura quimica (izquierda) y geometria de minima energia
calculada a nivel B97-D3/(6-31G**+LANL2DZ) (derecha) para el ensamblaje
supramolecular del receptor ditépico de porfirina tape4 con unay dos moléculas

de huésped de fullereno 1.

La energia de asociacion (Fbing) calculada tedricamente para los
agregados supramoleculares demuestra que la incorporacion del primer

huésped de fullereno en la porfirina meso-meso da lugar a una elevada
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estabilizacidn originada en gran medida por los contactos NH:-O y la
interaccion porfirina-fullereno. Tras la inclusion de la segunda molécula
huésped, la Fbina aproximadamente se duplica. El estudio tedrico
comparativo de las energias de asociacién entre los complejos ditépicos
de porfirina meso-mesoy tapepermiten concluir que la incorporacién de
la primera molécula de fullereno estd mas favorecida en la porfirina
meso-meso, mientras que la inclusion del segundo huésped es mas
favorable en la porfirina tape. Dichos resultados estin en perfecto
acuerdo con las constantes de asociacién medidas experimentalmente

para los agregados supramoleculares descritos.

8.5.3. El complejo supramolecular truxTTFehemifullereno

La molécula de truxTTF ha demostrado una especial habilidad para
formar complejos supramoleculares dador-aceptor con el fullereno, la
cual esta favorecida por la complementariedad concavo-convexo de sus
superficies moleculares. Teniendo en cuenta dicha habilidad, pensamos
que el truxTTF también deberia ser capaz de unirse a fragmentos de
fullereno, como por ejemplo el hemifullereno o C3Hiz (Figura 7a),
formando complejos bowl-to-bowl! dador-aceptor heteromoleculares.
Con el fin de explorar esta posibilidad, se han llevado a cabo calculos DFT
para cuatro estructuras distintas del complejo de truxTTFeC3oH12 (Figura
7b) en base a la informacién cristalografica existente para ambos
fragmentos. Las dos primeras estructuras corresponden a disposiciones
bowl-in-bowl donde se maximizan las interacciones m-m, en las que la
superficie convexa del C3oHi2 encaja perfectamente con una de las dos
superficies céncavas del truxTTF —bien con la superficie formada por el
esqueleto carbonado o a través de la parte de los ditioles—. Por otro lado,
las cavidades concavas del truxTTF y C3oH12 pueden interaccionar de tal

forma que se generan heterodimeros en los que, bien un benceno o un
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anillo de ditiol del truxTTF se posiciona dentro de la cavidad del
hemifullereno (estructuras alternadas o escalonadas). Estas estructuras
estarian estabilizadas no sélo por interacciones de tipo - sino también,

y especialmente, por contactos CH-- .

Figura 7. a) Estructuras quimicas del hemifullereno C3oHiz y truxTTF. b)
Estructuras de minima energia calculadas para el heterodimero de
truxTTFeC3oH12 a nivel revPBE0-D3/cc-pVTZ: disposiciones concavo-convexo o

bowl-in-bowl (A1 'y A2), y concavo-cdncavo o escalonadas (A3 y A4).

Las energias de asociacion (£ing) calculadas tedricamente indican que los
cuatro heterodimeros posibles poseen una interacciéon elevada, entre
—20y —30 kcal mol-1, siendo una de las estructuras escalonadas (A4) con
disposicidn concavo-concavo la mas estable, con una £ping de —28.5 kcal

mol-1. Recientemente, calculos ab initio de alta precision llevados a cabo
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en nuestro grupo de investigacion han permitido confirmar el orden

energético descrito por DFT.

Por otro lado, los resultados TDDFT apoyan la apariciéon de la banda de
transferencia de carga en la regiéon de 500-550 nm para el agregado
supramolecular de truxTTFeC3yHi2, tal y como se observo
experimentalmente. La formacién del estado de separaciéon de cargas
truxTTF+eC3oH12,~ tras la fotoexcitaciéon se ha confirmado por
experimentos de absorcién transitoria (pump-probe) de femtosegundo
llevados a cabo por el grupo del Prof. Dirk M. Guldi. Las constantes de
velocidad para los procesos de separaciéon y recombinacién de carga
tienen valores de 6.6 x 1011 y 1.0 x 1010 s-1, respectivamente. Este
estudio constituye la primera evidencia de la formacién de agregados
supramoleculares dador-aceptor basados en un fragmento de fullereno,
el cual presenta en el agregado propiedades de transferencia de carga

fotoinducida similares al fullereno Cg.

8.5.4. Fragmentos de fullereno para ensamblajes dador-aceptor

Para explorar de forma mas profunda las propiedades de los fragmentos
de fullereno, evidenciadas para el caso del heterodimero de
truxTTFeC30H12 en el apartado anterior, se ha llevado a cabo una
investigacion combinada tedrico-experimental de la complejaciéon de
nuevos fragmentos de carbono de tamafio creciente con el compuesto
dador de electrones de truxTTF. En concreto, se han modelizado los
fragmentos de C32H12 y C3sHi4 que, al contrario que el hemifullereno, son
fragmentos de las estructuras de fullereno[60] y [70], respectivamente,
basados en el coranuleno (Figura 8). Dicha diferencia en la estructura
aromatica central podria venir acompafiada de diferencias en términos

de propiedades electrénicas y complejacién supramolecular.
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C32H12 C38H14

Figura 8. Estructura quimica de los fragmentos de fullereno de C3zHi2 y C3sHi4

basados en el coranuleno. El esqueleto de coranuleno esta resaltado en rojo.

En analogia con los resultados obtenido para el C3oH1z, los fragmentos de
C32H12 y CsgHis pueden interaccionar con el truxTTF a través de
agrupamientos bowl-in-bowl (céncavo-convexo), en los que se
maximizan las interacciones m-m, o a través de disposiciones alternadas
(concavo-concavo), implicando una mezcla de interacciones m-m y
CH---m. La energia de asociacién calculada para los heterodimeros de
C32H12 se encuentra en un rango de -20 a -30 kcal mol-!, mientras que
para los complejos de CsgHi4 la estabilizacion es de -21 a -35 kcal mol-1.
En ambos casos, los complejos con una estructura escalonada son los mas
estables. Por tanto, el estudio teérico de las energias de asociacion
sugiere que la interaccion supramolecular con el truxTTF se ve
fortalecida al incrementar el tamano del fragmento de fullereno, debido a

un aumento del nimero de interacciones no-covalentes.

Con el fin de dar una descripcion mas realista de la fuerza de
complejacién a temperatura ambiente y en disolucion, se han estimado
tedéricamente las energias libres para el proceso de dimerizacion (A Gineor)
teniendo en cuenta todos los conféormeros posibles de truxTTFeC3;H12 y

truxTTFeC3gH14, asi como los de truxTTFeCsoH12. El calculo tedrico de los
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valores de AGweor N0s permite concluir que las estructuras bow/-in-bowl
no se llegarian a formar en disolucion, mientras que los complejos con
estructura escalonada energéticamente mas favorables si que se
formarian (AGheor = —5.00, —4.29 y —4.93 Kkcal mol-! para
truxTTFeC3oH12, truxTTFeCs;Hi2 y truxTTFeCsgHis4, respectivamente).
Posteriores experimentos de 'H-RMN han permitido confirmar las
predicciones tedricas en la formacién exclusiva de estructuras alternadas

para nuestros agregados supramoleculares dador-aceptor en disolucién.

Finalmente, calculos TDDFT para los heterodimeros indican la existencia
de bandas de transferencia de carga a bajas energias, en similitud a lo
obtenido para el truxTTFeCsoHiz, que darian lugar a especies de
separacion de carga tras la fotoexcitacion. Experimentos pump-probe de
femtosegundo han confirmado esta hipotesis para el caso de
truxTTFeC3gH14, cuya especie transitoria de truxTTF+eCssHis~ se ha
detectado con un tiempo de vida de 160 ps. No se pudo confirmar sin
embargo la deteccién de la especie de separacién de cargas para el
complejo dador-aceptor de C3;Hi» pero, en base a los resultados
obtenidos para los fragmentos de fullereno analogos, es muy probable

que también ocurra para este agregado supramolecular.

8.6. Polimeros supramoleculares

En este capitulo, se ha llevado a cabo la caracterizacién tedrica de la
agregacion supramolecular en derivados discéticos de trisamida para
obtener informacién sobre las fuerzas que originan el autoensamblaje
cooperativo. Se ha analizado la preferencia energética de una orientacion

en sentido horario o antihorario para la agregacion helicoidal en funcion
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de: (i) la presencia de cadenas alifaticas quirales, y (ii) la conectividad de
los grupos amida al esqueleto aromatico. Por otro lado, se ha modelizado
la agregacion de derivados de pirenoimidazol que presentan una amplia
gama de motivos estructurales para el autoensamblaje supramolecular.
El andlisis tedrico de primeros principios realizado ha permitido
racionalizar la agregacion supramolecular que permite preservar las

propiedades emisoras de luz tras la formacién del material fibrilar.

8.6.1. Cooperatividad en tricarboxamidas

Tomando como inspiracién el motivo estructural de los compuestos de
benceno-1,3,5-tricarboxamida, en esta Seccién estudiamos la
polimerizaciéon supramolecular de una serie de retroamidas N-centradas
basadas en una unidad central de oligo(fenilenoetinileno) (OPE) en
forma de estrella (Figura 9). El estudio se ha realizado en colaboracion
con el grupo experimental dirigido por el Prof. Luis Sanchez. Las
caracteristicas de polimerizacién supramolecular se han comparado
extensivamente con las estructuras anilogas derivadas de las

carboxamidas CO-centradas.
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R
H‘N/&O

Figura 9. Estructuras quimicas de las trisamidas discéticas N-centradas 5 y CO-

centradas 6.

Las primeras evidencias experimentales sobre la agregacion
supramolecular de estos sistemas sugieren que el ensamblaje de las
unidades OPE tiene lugar mediante un mecanismo cooperativo a través
de la formacion de una red triple de enlaces de hidrégeno, resultando en
un polimero supramolecular helicoidal. El calculo teérico del espectro de
dicroismo circular para las trisamidas N- y CO-centradas ha permitido la
asignacion inequivoca de la orientacién helicoidal en funcién del grupo
estereogénico (Ro S) introducido en las cadenas alifaticas periféricas. Las
moléculas con grupos Sdan lugar a hélices tipo Pque giran en el sentido
de las agujas del reloj, mientras que las moléculas con grupos R dan lugar
a hélices de tipo M que giran en sentido contrario. Ademas, la helicidad

asignada para los compuestos N- y CO-centrados es la misma,
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demostrando que la conectividad de la amida no es un factor

determinante en la orientacién de la hélice supramolecular.

La organizacién helicoidal de los agregados formados por las trisamidas
N- y CO-centradas se ha estudiado mediante simulaciones teoricas de
mecanica molecular/dindAmica molecular (MM/MD) utilizando
condiciones de contorno periddicas. Los resultados teéricos muestran
que la diferencia de energia entre las configuraciones helicoidales My P
aumenta de forma notable al aumentar la longitud de las cadenas
alifaticas periféricas, confirmando el sentido preferido de la hélice en
funcion del grupo estereogénico S (hélice P) o R (hélice M) presente en
las cadenas laterales. En el apilamiento, los centros de OPE permanecen
practicamente planos para maximizar las interacciones m-T, mientras
que los grupos amida giran fuera del plano aromatico para formar enlaces
de hidrogeno eficientes con los mondémeros vecinos (Figura 10a,b).
Ambos tipos de interacciones son las fuerzas motrices que dirigen el
autoensamblaje en la formaciéon de las hélices supramoleculares

columnares.
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Figura 10. Vista superior (a) y lateral (b) del ensamblaje helicoidal en sentido
horario de un agregado de (5b)12 que incluye cadenas alifaticas cortas con centro
estereogénico S. La direccion del momento dipolar en el apilamiento se muestra
en rojo. Comportamiento asintético de la energia de asociaciéon (c) y del
momento dipolar (d) por unidad monomérica (Ebindr Y DMmons,
respectivamente) al incrementar el nimero de monémeros en el agregado (5b);

los valores se han ajustado a una funcién biexponencial (lineas rojas).

Los calculos de mecanica molecular se han complementado con calculos
mas precisos a nivel DFT para agregados helicoidales de amidas N- y CO-
centradas de tamafio creciente. A medida que el agregado crece, el valor
absoluto de la energia de asociaciéon por unidad monomérica (£bind,n)
aumenta, tendiendo a un valor asintético para unas 12-14 unidades

monoméricas (Figura 10c). Este comportamiento evidencia el caracter
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cooperativo del proceso de agregacion y es caracteristico de un
mecanismo de polimerizacién de tipo nucleacién-elongacién. El caracter
cooperativo es debido a la mayor polarizaciéon del apilamiento a medida
que se afladen unidades monomeéricas, lo cual fortalece la red de enlaces
de hidrégeno y hace el agregado cada vez mas estable. Dicha polarizacion
queda evidenciada por el crecimiento del momento dipolar por
monoémero (DMmon,z) que tiene lugar al aumentar el nimero de unidades
en el polimero supramolecular (Figura 10d). El valor teérico de Enonn ¥
DMmon,» cuando 2 tiene a infinito es mayor para las amidas N-centradas
con respecto a las CO-centradas, en buen acuerdo con la mayor

cooperatividad encontrada experimentalmente para las retroamidas.

8.6.2. Oligdbmeros basados en el pirenoimidazol

Si bien la organizaciéon supramolecular en polimeros gobernados por
interacciones no-covalentes, especialmente enlaces de hidrégeno, es
previsible en muchos casos (por ejemplo, las trisamidas del apartado
anterior), el autoensamblaje de las unidades electroactivas no es, en

general, evidente.

Desde el descubrimiento del pireno, se ha hecho un gran esfuerzo en su
modificaciéon estructural con el fin de conseguir agregados
supramoleculares que eviten el efecto de desactivacion de las
propiedades emisoras derivado de la interaccién entre unidades de
pireno. En este Capitulo se han estudiado a fondo las propiedades de
autoensamblaje de derivados del pirenoimidazol que incorporan grupos
amida para facilitar la polimerizaciéon supramolecular mediante enlaces
de hidrégeno. El estudio se ha realizado en colaboracion con el grupo del

Prof. Luis Sanchez y constituye un claro ejemplo de la utilidad de la
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retroalimentacion teérico-experimental en el desarrollo de un proyecto

de investigacion.

Los primeros resultados experimentales evidencian que los derivados de
pirenoimidazol forman geles con una inesperada emisién azul y con una
baja cooperatividad para la agregacion. Por otro lado, los estudios de
dicroismo circular indican que el agregado supramolecular no posee

helicidad, incluso cuando la cadena alifatica periférica es quiral.

El estudio tedrico DFT llevado a cabo ha permitido esclarecer los aspectos
estructurales y energéticos de la agregacion supramolecular. En primer
lugar, se han disenado una serie de dimeros, como unidades
supramoleculares minimas, de acuerdo con los distintos motivos para la
interaccion supramolecular presentes en el monémero: (i) el esqueleto
aromatico del pireno, (ii) los grupos polares de amida e imidazol, (iii) las
cadenas largas alifaticas no polares, y (iv) los grupos voluminosos de tert

butilo (Figura 11).

Estructura aromatica
Motivos de interaccion (ii) Grupos polares amida e imidazol
supramolecular (iii) Cadena alifatica (quiral) no polar
(iv) Grupos estéricos de tert-butilo

Figura 11. Estructura quimica de los derivados de pirenoimidazol, y

representacion esquemadtica de los distintos motivos para la interaccion

supramolecular.
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De entre todos los dimeros modelizados, el agregado mas estable
corresponde a un dimero que combina enlaces de H entre los grupos
imidazol y amida junto con interacciones estabilizantes CH---m entre las
cadenas alquilicas y el esqueleto pirénico. El analisis topoldgico de la
densidad electronica llevado a cabo mediante el indice no-covalente
(NCI) permite explicar la estabilidad del agregado mediante la
visualizacién de las superficies de interaccion no-covalente
correspondientes (Figura 12a). La estructura de este dimero se ha
utilizado en el modelizado teérico de un tetramero (Figura 12b) que nos
ha permitido concluir: (i) el oligdmero puede crecer facilmente a través
de la red de enlaces de hidrégeno imidazol-amida y las fuerzas CH---mt
estabilizantes, (ii) el grado de cooperatividad de la polimerizacion
supramolecular de acuerdo con este patron de enlaces de hidrégeno es
pequeiio, en buen acuerdo con las evidencias experimentales, y (iii) la
ausencia de interacciones m-m entre las unidades pirénicas justifica la

preservacion de las propiedades emisoras en el azul propias del pireno.
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Figura 12. Superficies NCI representando las interacciones de enlace de
hidrégeno (azul) y fuerzas de dispersidn (verde) para el dimero mas estable del
derivado de pirenoimidazol 7. b) Estructura de minima energia calculada para el
tetramero indicando la red de enlaces de hidrégeno entre las unidades de

imidazol y amida.

8.7. Conclusiones

En conclusion, a lo largo de esta Tesis se han llevado a cabo estudios
tedricos combinados con colaboraciones experimentales muy fructiferas

con el fin de abordar una gran variedad de sistemas electroactivos para
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su posterior uso en electronica molecular y ciencia de nuevos materiales.
Asimismo, algunos de los sistemas estudiados han permitido ayudar a dar
respuesta a preguntas fundamentales en fenémenos de transferencia de
carga, autoensamblaje supramolecular y origen de la quiralidad. En
concreto, se pueden extraer las siguientes conclusiones focalizadas en los
tres Capitulos en los que se divide la presentacién de los resultados

obtenidos en la Tesis:

Arquitecturas dador-aceptor covalentes

Se ha realizado una investigacion quimico-cuantica sobre croméforos
dador-m-aceptor tanto de anclaje simple como doble basados en las
unidades dadoras de electrones de exTTF y hemiexTTF, para su posterior
aplicacion en celdas solares sensibilizadas por colorante (DSC). Los
calculos tedricos indican que el regioisémero de exXTTF-DCF de mayor
interés es el exTTF-DCF-A, con absorcidn en todo el rango visible y anclaje
6ptimo para la generaciéon de DSCs eficientes. Ademas, se han
caracterizado colorantes di-ramificados basados en la unidad dadora de
hemiexTTF y la unidad aceptora de DCV, capaces de absorber luz en todo
el espectro visible gracias a la presencia de bandas de transferencia de
carga de baja energia. Calculos de primeros principios nos han permitido
comprender las implicaciones del modo de anclaje doble en estos
cromoforos para DSCs cuando se sustituye un grupo ciano por un acido
carboxilico. Se ha demostrado que el modo di-anclado con coordinacion
monodentada del grupo cianoacrilico es el modo de adsorcién mas
plausible para estos cromoéforos di-ramificados. Esta coordinacion,
ademas de ser el anclaje a la superficie del semiconductor mas estable,
ofrece dos bandas LUMO anchas practicamente degeneradas que

permiten una mejora en la inyeccion de carga al semiconductor.
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Complejos dador-aceptor supramoleculares

Las formaciones supramoleculares investigadas en este Capitulo
constituyen ejemplos tinicos que han permitido entender en profundidad
el reconocimiento supramolecular de huéspedes de fullereno con
receptores de porfirina. Los estudios presentados demuestran un
autoensamblaje gobernado por interacciones NH:--O y porfirina-
fullereno, siendo estas ultimas de naturaleza dispersiva y electrostatica.
El estudio tedrico de los complejos formados por receptores ditépicos de
porfirina con el huésped de fullereno en agregados de estequiometria 1:2
demuestra una cooperatividad negativa originada por la extraccidon de
carga del receptor por parte del fullereno tras la inclusién del primer
huésped. Dicha cooperatividad negativa queda parcialmente
contrarrestada en el receptor de tipo tape debido a la interaccion
estabilizante entre las dos esferas de fullereno al formarse el complejo

1:2 en disposicion syn.

Por otro lado, el estudio supramolecular llevado a cabo para una serie de
fragmentos de fullereno —C3oH12, C32H12 and CsgHi4— con el compuesto
de truxTTF, el cual es un dador electrénico y presenta una estructura
molecular curvada, ha revelado que la configuracidon concavo-coéncavo en
la que un anillo de ditiol del truxTTF se situa en la cavidad del fragmento
de fullereno es la mas estable. Las fuerzas no-covalentes que gobiernan el
ensamblaje de dicho agregado, cuya estructura resulta contradictoria con
la interaccién céncavo-convexo esperada, no quedan solamente
determinadas por interacciones de tipo -, sino por los contactos CH:--m
y S--C que juegan un papel decisivo. Los calculos TDDFT han
proporcionado evidencias de la existencia de bandas de transferencia de

carga a bajas energias correspondientes a transiciones electrénicas desde
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el fragmento dador de electrones de truxTTF al fragmento de fullereno
aceptor de electrones, confirmandose la formacién de la especie de
separacion de cargas para el CioHiz y CssHis mediante técnicas

espectroscopicas de femtosegundo.

Polimeros supramoleculares

En este Capitulo, se ha investigado la polimerizacién supramolecular
cooperativa de trisamidas N-centradas basadas en la unidad central de
OPE. Los compuestos estudiados presentan una estructura molecular
discotica y dan lugar a agregados helicoidales columnares, cuyo sentido
de giro (Mo P) no depende de la conectividad de los grupos amida sino
de la configuracién (R o S) del grupo estereogénico presente en las
cadenas alifaticas periféricas. La sinergia de las interacciones m-m, la red
triple de enlaces de hidrégeno entre las amidas y las fuerzas de dispersion
débiles entre las cadenas alifaticas periféricas han permitido explicar el
autoensamblaje supramolecular de las superestructuras helicoidales. El
caracter cooperativo del mecanismo de polimerizacién, de mayor
magnitud en las amidas N-centradas que en las CO-centradas, se ha
podido explicar en términos de energia de asociacién y momento dipolar
por unidad monomérica. Ambas magnitudes crecen asintéticamente
debido al incremento de la polarizacion de la red de enlaces de hidrégeno

durante el proceso de nucleacién.

Por dltimo, se han estudiado derivados de pirenoimidazol que incorporan
una gran variedad de motivos de interaccién supramolecular, con el fin
de guiar el autoensamblaje manteniendo las propiedades de emisién en
el azul del mondémero pirénico. Los calculos teéricos han demostrado, en
sinergia con estudios experimentales, que la formacion de los agregados

queda gobernada por enlaces de hidrégeno entre los grupos amida e
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imidazol junto con un nimero importante de interacciones CH:--1 entre
la cadena alifatica y el esqueleto aromatico del pirenoimidazol. La
ausencia de interacciones m-m entre los centros pirénicos permite
explicar la preservacion de las propiedades de emisién azul tras la

formacién del material polimérico supramolecular.
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