Proposal for a PhD Thesis

Université Paris-Saclay
Quantum Dynamics in condensed phase:
Charge transfer in biological systems and organic photovoltaics

(Theory)

Fabien Gatti and Daniel Pelaez Ruiz

Institut des Sciences Moléculaires d’Orsay (ISMO, building 520)

Introduction

Industrial processes involving chemical reactions are typically controlled by macroscopic parameters,
such as temperature or pressure. This often results in a huge waste of energy and the massive production
of unwanted by-products. These drawbacks play a major a role in two of the major societal issues we
are currently facing: non-renewable energy consumption and pollution. For instance, most energy
production relies nowadays on fossil fuels, which are limited resources that generate CO;, a greenhouse-
effect gas thus inducing relevant perturbations on Earth’s climate [1]*. To tackle these issues, a major
breakthrough would be the development of a new chemistry based on a much higher level of selectivity,
a chemistry that would work at an elementary microscopic level and would be based on the systematic
exploitation of quantum phenomena, such as quantum coherence [2]. In this context, Nature can
serve as a source of inspiration. As pointed out by the American Office of Science of the Department
of Energy [3] “elements of quantum control are exhibited in nature in various physical processes,
including the harvesting of light during photosynthesis” and further, one should try to “achieve quantum-
level control in human technologies [...] in ways that are environmentally benign”. The control of
guantum coherence, in particular in the context of artificial photosynthesis, is one of the grand
challenges in basic energy sciences for the future [3]. Such a “green” and highly selective chemistry,
applied to artificial photosynthesis, would allow for a clean and virtually unlimited source of energy.
It is well-known that photosynthetic organisms absorb solar photons, the energy of which they employ
to live and multiply. In order to harvest and utilize efficiently this energy, photosynthetic organisms
have developed a sophisticated apparatus. The absorption of an incoming solar photon by light-
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harvesting pigments is followed by a rapid transfer of the resulting excitation energy to the reaction
centres, in which photo-initiated electron transfer reactions and proton transfers achieve the ultimate
transduction of the solar energy into chemical potential energy (See Fig. 1). A fascinating property of
these natural systems is that they perform this task with a high efficiency, even with defects and
energy traps due to static and dynamic disorder, a property, which has not yet been achieved in
artificial systems. The success rate of the process is amazing.
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Figure 1 : Excitation Energy Transport in Photosynthesis.

Typically, in light-limiting conditions, 90% or more of the absorbed photons can be used to drive one
charge separation [4]: the quantum yield of the transformation to charge separation may be over 99 %
in optimal conditions (low-irradiation). In contrast, current solar cells suffer from too low efficiency.
For instance, 30 % maximum of solar cell efficiency (not the quantum yield) is achieved for a single n-
p junction solar cell (Shockley-Queisser limit), which collapses rapidly in the presence of any defect or
impurity. There is clearly a need for a radically new technology inspired by photosynthesis. However,
despite the promising advances made in several laboratories, the implementation of artificial
photosynthetic systems at the industrial level is non-existent. One of the main drawbacks is that, up to
now, the development of artificial photosynthetic systems has been based on the optimization of the
energy and charge transfer on the basis of classical principles. However, as Nature teaches to us, it is
necessary to design structures that are precisely organized to optimally exploit quantum mechanical
effects in such processes [5]. Indeed, it has already been proven that quantum interference phenomena
can have dramatic consequences for the yield of chemical processes, with differences by several orders
of magnitude depending on whether the interferences are constructive or destructive. The exact nature
of such quantum effects and the ability to exploit them efficiently are being the target of extensive debate
in various scientific communities [6,7].

Objectives

This PhD proposes to study several molecular systems composed of donor-acceptor (D-A) dyads and
triads that have been carefully selected to study the excitation energy transfer (EET) and charge transfer
(CT) processes involved in artificial photosynthesis. In particular, we will study molecules where one
or two light absorbing units transfer their excitation to either one or two acceptor groups in a molecule.
We will start with different structures composed of the structure shown on Fig. 2.
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Figure 2: Donor-Acceptor Dyad with a Bridge.

We will try to establish a link between quantum coherence and chemical structure-function, i.e.
to formulate general principles that govern the efficiency on the basis of quantum interference in
artificial photosynthesis. For this purpose, we aim at deciphering the role of the interplay among the
electronic and vibrational motions in sustaining quantum coherences. Molecules are made of electrons
and nuclei, and the quantum mechanical role of the vibrations is not only to dissipate the electronic
coherence. The wave nature of the nuclear wavefunction has important effects in chemistry [8]? and the
interplay among electronic and nuclear motions can lead to complex quantum dynamics [9]. The
challenge is to discriminate the vibrational from the electronic or “vibronic” (i.e. the mixing of the two)
coherences in EET and CT, which are important for the efficiency of artificial photosynthesis. We thus
aim to deliver basic design principles that govern the efficiency of quantum interferences including
coupled electronic and nuclear motions in EET and CT. These design principles will be applied and
tested in large organic systems with actual potential as artificial light-harvesting units: see Figs. 3 and
4.
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Figure 3: Possible units to design the organic photovoltaics: (a) porphyrines, (b) and (c) Ceo and carotenoids.
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Figure 4: possible organic photovoltaics involving a charge transfer.

More precisely, we will then consider analogous structures in larger and more complex aggregates,
reaching out to the scale of large biomimetic molecules in solvent. Many systems can be envision such
as the organic photovoltaic carotenoid—porphyrin—-Cso molecular triad (Fig. 5) dissolved in explicit
tetrahydrofuran solvent at 300 K&,

Figure 5 : Photoinduced charge transfer in Carotenoid-Porphyrin-Ceo

The difficulty consists in describing quantum effects in biomimetic systems is to propagate high-
dimensional nuclear wave-packets (up to thousands of degrees of freedom) with ab initio
calculations that treat the correlated motion of both the electrons and the nuclei of the molecule
on equal footing. For this, we will use propagations of high-dimensional nuclear wave-packets with
the Multi-Configuration Time-Dependent Hartree (MCTDH) approach [10] on coupled electronic
potential energy surfaces (PESs) based on ab initio calculations [11]. MCTDH, invented in the
Theoretical Chemistry group of Heidelberg and in continuous development since more than 30 years, is
nowadays one of the most powerful methods for quantum-dynamical treatment of multidimensional
problems*. The Multi-Layer MCTDH approach [14], implemented in the Heidelberg code [15], will
allow us to go much beyond and treat quantum mechanically up to a few thousands of degrees of
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freedom. (ML)-MCTDH code will be used and further developed. ML-MCTDH makes realistic time-
dependent quantum mechanical simulations for very large organic systems of biological relevance
possible, including proteins (often based on Spin-Boson (SB) models including huge harmonic baths)
[16]. This dynamical approach, together with a TDDFT [17] description of the electrons, will allow us
to simulate the population transfer and the electronic and/or vibrational quantum coherence even in large
organic molecules.

The goal of the PhD will be, in collaboration with Prof. Xiang Sun who will provide the Hamiltonian
models, to simulate the quantum dynamics of the charge transfer in several organic and biological
systems in solvent®. We will use the ML-MCTDH (Heidelberg package) to perform, for the first time,
converged quantum simulation of these systems in full. We will make a link between quantum coherence
and chemical structure-function (relative positions of the electronic states, strength of coupling), i.e. to
formulate general principles that govern the efficiency on the basis of quantum interference in artificial
photosynthesis. We could then propose to chemists to synthesize new systems that could optimize the
transfers.
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