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Abstract

What are the processes activated by light when it impinges on a sample of light-
sensitive molecules in mutual interaction? How can this information be accessed
from both the experimental and theoretical sides? This work is aimed at answering
at these specific questions. In order to accomplish this goal, we use state-of-the-art
computational methods and develop novel theoretical approaches for investigating
static and dynamical properties of networks of interacting molecular organic chro-
mophores, and compute their spectroscopy. We focus in particular on the simulation
of non-linear time-resolved techniques, such as the pump-probe and the two dimen-
sional electronic spectroscopy. These approaches have been proven to be fundamen-
tal tools to track the system photoinduced dynamics with extremely high time and
spectral resolution and disentangle contributions from different system components.

” results from accurate

We conclude that the synergic combination of “independen
quantum chemical calculations and detailed spectroscopic experiments is the way
to reach a reliable map of the activated energy transfer processes and to gain new

physical insights into the system properties.



Introduction

The interaction between light and matter is a phenomenon of upmost importance
for our life, or even for the existence of life on earth itself. Photosynthesis pro-
vides us food and oxygen by means of specialized molecular complexes, using light
as the energy source. We can see the world around us because our eyes contain
the retinal molecule, a photoreceptor that reacts in the presence of light. Vitamin
D, essential for normal bone and teeth development, is formed in the skin of an-
imals through exposure of the chemical 7-dehydrocholesterol to sunlight. Light is
absorbed, in the above examples, by specific molecules or groups of molecules, that
harvest it temporarily as an electronic excitation, and utilize it to perform specific
reactions, and achieve specific functions. The branches of science that study these
and similar processes, initiated by the absorption of light, are called photophysics

and photochemistry.

Spectroscopy
Photophysics-
Photochemistry
Molecules (QM) Light (EM)

The study of photochemical reactions is experimentally achieved by means of
spectroscopic techniques: ground-state absorption allows, e.g., to study the energet-

ics of molecular transitions, and their probability to occur. Non-linear time resolved
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spectroscopy (such as pump-probe and two dimensional electronic spectroscopy) uti-
lizes femtosecond control over the multiple pulses that are used to probe the system
during its ultrafast evolution. A high density of information is obtained, but to dis-
entangle all measured features and reach a detailed and reliable map of the energy
transfer network between the system components is still a challenge. It is therefore
often necessary to support experimental measurements with theoretical models.

From the theoretical point of view, the understanding of photophysical and pho-
tochemical processes requires: (a) an accurate description of the involved molecular
systems (governed by the laws of quantum mechanics), and (b) a way to account for
their response to light. The first problem is usually tackled using the computational
tools of quantum chemistry, i.e., by solving the Schrédinger equation at some level
of approximation, delivering the manifold of system states. The complexity of real
systems makes it often necessary to decompose them into computationally feasible
parts, which can be later combined to reconstruct the properties of the whole ag-
gregate (Frenkel Exciton model). Moreover, the description of molecular vibrations
and environment fluctuations is a key ingredient to properly access system behavior
and the energy transfer dynamics between the system components. Light-matter
interaction is usually treated via perturbation theory, provided that the external
electromagnetic field used to probe the system is weaker than the internal fields
that maintain the electrons firmly attached to the molecules. A coherent theoretical
framework to study linear and non-linear optical spectroscopy was firstly introduced
by Prof. Shaul Mukamel a few decades ago. The so-called response function is the
key ingredient here, as it incorporates all the information of the molecular response
to external light-induced perturbations.

My three years Phd activity has focused on two distinct, while intertwining top-
ics: on the one hand, to reach an accurate and reliable description of the excited
state properties of the photoactive molecular system'; on the other, to use this in-
formation to compute linear and non-linear spectroscopy, eventually comparing the
simulations with available experimental measurements, to gain new physical and

chemical insight on the properties of the systems under investigation.
The thesis is organized as follows:

Part I is focused on the description of quantum mechanical properties of systems

of interacting molecules. The Frenkel Exciton model is introduced, as an effective

PR AN 1S

!The terms “molecule”, “photoactive molecule” and “chromophore” are interchangeable in this
Thesis.
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theoretical tool to capture the essential physics of a molecular aggregate, and its
connection with the microscopic molecular Hamiltonian is outlined. The role of
molecular vibrations and environmental fluctuations is reviewed, and some of the
most popular theories for describing intermolecular energy transfer processes are
presented.

Part II presents the ample body of experimental and theoretical spectroscopic
techniques that have been develop to study molecular systems and access their
dynamics. Particular attention is reserved to the so-called two dimensional electronic
spectroscopy (2DES), which is one of the most advanced techniques available to
disentangle overlapping signals and directly follow energy transfer processes. A novel
and very accurate theoretical approach to simulate system dynamics and associated
non-linear spectroscopy, developed in collaboration with the research group of Prof.
David F. Coker (Boston University, Boston, MA, USA), is eventually outlined.

Part III presents the results obtained by combining accurate molecular compu-
tations with the simulation of their spectroscopy. Three examples are reported, and
for each of them we compare experimental measurements of non-linear spectroscopy
with the corresponding theoretical predictions. In the first example we present a
quantum chemistry study of the Light Harvesting complex 2 of the photosynthetic
bacterium rhodopseudomonas acidophila and the simulation of its 2DES, provid-
ing new insight into the comprehension of the measured spectral features. In the
second example, by combining experimental investigation and theoretical modeling,
we reveal the signatures of the energy transfer process in zanthorhodopin (a light-
driven transmembrane proton pump with two chromophores), and connect these
observations to the microscopic mechanisms underlying them. In the third exam-
ple we unravel the ultrafast photoinduced dynamics of trans-azobenzene and, by a
joint experimental and theoretical analysis of time-resolved pump-probe spectra, we

deliver a solid explanation for the observed Kasha rule violation.



Part 1

From single molecule to molecular

aggregates (in their environment)



Introduction

Light harvesting (LH) complexes are aggregates of multiple interacting chromophores,
held together in defined geometric arrangements by a protein scaffold. In order to
understand the structure-function relationship of such aggregates, it is important
to access their quantum mechanical (QM) properties. Indeed it is well known that
these multichromophoric complexes exhibit emergent collective behaviors of their
components, and therefore these need to be studied collectively. At the same time,
the necessary balance between accuracy and scalability of computer simulations de-
nies the possibility of a direct investigation of the aggregate as a whole, reducing
the applicability domain of computational quantum chemistry approaches to a sin-
gle (or at most a small number of) chromophoric unit(s). Moreover, not only the
large number of chromophores involved, but also the presence of a fluctuating en-
vironment that surrounds them, as well as their intra-molecular vibrations, make it
even more difficult to access the aggregate’s behavior.

In order to tackle such a problem, it is often necessary to decompose it into
smaller and simpler pieces, thus reducing the complexity by isolating the important
aspects without losing the core physics of the system. One of the models that has
been developed for this purpose, is the so-called Frenkel Ezciton model.

In the Frenkel Exciton model, the aggregate manifold of states is obtained by
combining the properties of individual sites with site-site coupling terms. The re-
covered aggregate manifold of states is called the excitonic manifold. Exciton states
involve the concerted excitation of an assembly of molecules, which results in a delo-
calized excitation over multiple chromophores, as opposed to the localized excitation
of individual species of the assembly.[1] At the core of the assumptions that make

the Frenkel Exciton model applicable, is the fact that the enormous complexity of



an hypothetical wave-function which exactly describes the QM properties of the
complete molecular aggregate, can, in many cases of interest, be reduced. This is
understood e.g. realizing that electrons belonging to far enough molecules interact
as classical objects (i.e. QM effects are not important), and feel each other through
classical electrostatic potentials. In other words, the Frenkel Exciton model can be
viewed as an Effective theory.! By introducing this model (and its sensible approxi-
mations), one not only reduces the computational cost of the calculations, but also
obtains a simpler physical picture of the system under study.

The theory of excitons was first developed by Frenkel for atomic lattices, and
then utilized in the molecular crystals field by Davydov.[1, 3] It has also been exten-
sively applied in the study of LH systems|4, 5], to describe their static and dynamical
properties. The ezciton strategy (i.e. the involvement of delocalized states) is for
example used by photosynthetic bacteria which live at the bottom of some lakes,
to fine-tune their absorption bands through a specific organization of their compo-
nent chromophores, in order to maximize the harvest of the available light that has
not been retained by the leaves of the plants at the surface.|6] Significant interest
in the field has been reserved to understand how LH systems use the manifold of
excitons, together with intra- and inter-molecular vibrations, to realize very efficient
exciton migrations mechanisms.|7| The tremendous efficiency of such Ezcitation En-
ergy Transfer (EET) processes is indeed a very active research topic on both the
theoretical and experimental sides, and has received a significant boost with the
development and advancement of ultrafast transient spectroscopic techniques, such
as the two dimensional electronic spectroscopy (2DES).

The outline of this chapter is as follows: The main ideas behind the Frenkel Ex-
citon modeling, with a particular focus on the physical meaning of its main ingredi-
ents, are given. First we introduce the simplest version of the model, which comprise
single-molecule electronic states and couplings between them. Then an overview of
the quantum chemistry methods necessary to produce the Frenkel Exciton micro-
scopic inputs is presented. Next, we generalize the Frenkel Exciton Hamiltonian
in order to include intra- and inter-chromophoric vibrations: these are accounted
within the spectral density formalism. Finally, we briefly review some of the trans-

port theories that have been developed for describing the system evolution in time,

! A beautiful description of Effective Theories is proposed in this quote of H. Georgi: “One of
the most astonishing things about the world in which we live, is that there seems to be interesting
physics at all scales. To do physics amid this remarkable richness, it is convenient to be able to
isolate a set of phenomena from all the rest, so that we can describe it without having to understand
everything. Fortunately, this is often possible. We can divide the parameter space of the world
into different regions, in each of which there is a different appropriate description of the important
physics. Such an appropriate description of the important physics is an Effective theory.” [2].



and understand processes such as exciton migration.

We make use of the Frenkel Exciton model in Part III, Chapter 1, to describe
the manifold of states of the LH2 complex: site properties are computed at the
CASSCF/CASPT2[8, 9| level with the software package Molcas[10]. We imple-
mented the numerical routine that allows to compute the coupling between the
chromophores at the transition density level (also computed with CASSCF reference
wave-functions). The spectral density function is employed in all of the reported ex-
amples to describe the coupling between electronic states and the bath of vibrations
(Part III, Chapter 1-3), usually by means of the vertical gradient approach|[11] (out-
lined in Chapter 3). Both Forster and Redfield transport theories are employed to
describe the EET pathways in two distinct sector of the LH2 aggregate (Part III,
Chapter 1), due to the presence of different coupling strength between the various

chromophores of the complex.



CHAPTER 1

Frenkel exciton model

1.1 Basic ingredients

1.1.1 Non-interacting dimer

Consider a couple of non interacting molecules. Each separate system is described by
a local Hamiltonian, namely H; and Hy, and by a set of eigenstates, 10),, 1)y, [Ny)y
and [0),, |1),, ..., |N2), respectively. The dimer (i.e. the global system) is then
described by the global Hamiltonian H=H + 151'2, with eigenstates obtained as

direct (Hartree) product of local eigenstates, i.e.

0) = [0),0), = |00)

1) = [1),10), = [10)

2) = 10), 1), =01) (1.1)
IN) = |N1),|Na)y = |[NiNg)

and N:Nl'NQ.

1.1.2 Interacting dimer

Consider now that between the two molecules an interaction term I:Imt has been

switched on: the global Hamiltonian will now take the form
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H=H,+ Hy,+ H,, (1.2)

If one supposes that H,,, does not change the electronic structure of each of the
two chromophores, or, which is the same, that the two sets of local states remain
good eigenfunctions of the local systems, then the global states listed above (Hartree
product of site basis functions, Eq. (1.1)) are still good states for the global system,
even if they are no longer eigenstates. In one word, one assumes H;,; to be a small
perturbation added to the non-interacting Hamiltonian, i.e., to work in the context
of Perturbation Theory (PT). By choosing Hartree products of site states, we are
also assuming the overlap of the wave-functions of different sites to be small, and
thus that the electrons sitting on different molecules feel each other only through
classical electrostatic potentials, with negligible exchange interaction.!

Eq. (1.2) can be written in Dirac notation, using the basis of global states
listed above. H; thus becomes H; = (e}]0) (0] 4 €} [1) (1| + €} [2) (2] +...), and a
similar expansion holds for ﬁ2. The interaction term, ]f[m, is instead written as
> ijut Vigwt [17) (Kl|. If we consider two-level systems (only [0) (0] and [1) (1] terms in

the previous expression) the interacting Hamiltonian reads

~

H = (ep+¢€3)[00) (00| + (ef + €5) |10) (10] + (€7 + €5) |01) (01| + (€1 + €7) [11) (11| +
+ Voo,00 [00) (00] + Vig,10 [10) (10] + Vor,01 01) (O1] + Vip11 [11) (11] +
+ V0,10 [00) (10] + V10,00 [10) (00] + Voo,01 [00) (01] + Vo1,00 [01) (00] +
+ Vo110 ]01) (10| + Viger [10) (01] +
+ Vi,10[11) (10] + Vig,11 [10) (11| + Vig o1 |11) (01| + Vo110 |01) (11] (1.3)

which in matrix form becomes

€5 + €5 + Voo,00 Voo,10 Voo,01 Voo, 11
I— Vio,00 €1 + €5+ Vio,10 Vioo1 Vioi (1.4)
Vo100 Voi,10 €2 4 e+ Voror Vion
Vit,00 Vit,10 Vitol 6% + 6% + Vit

This is the most general Hamiltonian one can write for a couple of interacting
two-level systems in this basis set, when the Hartree ansatz is correct. On the

diagonal the Hamiltonian matrix has energies of the global states (from the energy

'We note with Kasha|l| that the overlap between site wave-functions of neighboring molecules,
will become more and more important when considering higher excited states, whose orbitals will
be generally more diffused in space.
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€y + €2 + Voo.oo of the global ground state [00), to the energy e + €7 + Vi1 11 of the
excited state |11)), while outside the diagonal it has coupling terms, that allow for
a mixing between the states. We note that, in all the systems of interest, we will
assume site energies and coupling terms to be real quantities, which implies that the
matrix of Eq. (1.4) is symmetric.? The coupling Vij ki is therefore equal to Vi ;. The
nature and physical meaning of the various elements of this matrix will be detailed

in the following Sections.

1.1.3 Sensible Approximations

At this point, a number of approximations are usually employed: it is very common
to consider systems in which the energy gap between the ground state (GS) and
the states [10) and |01), as well as between the latter and the state |11), is large.
This observation allows the decoupling of these sectors, so that the only off-diagonal
terms that survive are those within the different manifolds, and the Hamiltonian

can be rewritten as:

6(1) + 6(2) + Voo,oo 0 0 0
0 L e+ V V] 0
- €1+ €5+ Vio,10 . 110,01 (1.5)
0 Vot,10 €f + €5+ Voo 0
0 0 0 6% + 6% +Viin

This approximation relies on the fact that the mixing between states caused by
the interaction term I—:Tmt will happen only within the manifold of states that are

close in energy. We can conveniently focus on the first excitation manifold, so that

61V
H=1|" " (1.6)
Vor &
or equivalently
H =& 1) (1] +&2) (2| + Vig [1) (2] + Vo [2) (1] (1.7)

where we have subtracted the (constant) GS energy from all the diagonal terms?,

and obtained the excitation energies €, = €} — €}, & = €7 — €.

2Since H = ﬁT, in the Hartree product basis we have: H;; = Hj;.

3We have also assumed that the diagonal terms Vij,ij cancel out (e.g., Vig,10 — Voo,00 = 0). We
will discuss the role of these terms, and the appropriateness of this assumption, when focusing on
each Hamiltonian matrix entry.
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The assumptions introduced so far are at the core of the Frenkel Exciton mod-

eling. We summarize them hereafter.

Approximations

A

e H;,; is a perturbation.

e The system states are expressed on the basis built as Hartree product of site
states (i.e., the overlap between site wave functions is assumed to be negligible).

e The different sectors of the Hamiltonian are separated by large energy gaps:

each manifold is allowed to mix only within itself.

These approximations can in principle be released, paying the price of a consid-
erable complication of the model presented here. Eq. (1.7) represent the typical

exciton model Hamiltonian of a couple of interacting chromophores.

1.1.4 Three 3-level interacting sites

The simplest example in which all the relevant terms that can enter the excitonic
model are present, is the case of three 3-level interacting sites. Here the global
Hamiltonian is given by H= ﬁl + ﬁg + ﬁg + ﬁmt, and ]:Imt is a sum of two-body
inter-chromophore interaction terms (i.e., ‘712 + \713 + 1723 4).

The complete list of states that can be built by direct products of site eigenfunc-

tions is (using the compact notation |0), |0), |0); = |000)):

GS 1% exc. manifold 2"? exc. manifold higher order exc.
|000) = |0) 1100) |110) |111)
1200) |210) |211)
|010) |120) |121)
1020) |220) |112)
|001) |101) |221) (1.8)
1002) : |212)
|202) |122)
|011) |222)
|022)

Note that the approximation of large gaps can be wrong for higher lying states of

Wy = (Vab @) (b] + Via b) (a]), @ and b being site indexes.
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single chromophores (e.g., |200)), which may be resonant with states of the second
excitation manifold, and should therefore be included in this manifold. Attention
should be paid when one needs to introduce many excited states for each chro-
mophore: the higher the energy, the larger the number of close lying states that
can mix with each other; moreover, as stated above, the higher states will be more
diffuse and thus the negligible overlap hypothesis can breakdown. For this rea-
son, the Frenkel Exciton modeling is usually limited to very few excited states per

chromophore.

1.1.5 Interacting multimer

Let us consider a system composed by NV sites, where each site has n excited states.

The total number of states is given by the formula®

Niotal = Z < ]Z ) n* (1.9)

k=0

n* being the k;;, power of n, and k representing the number of excited chromophores
in a given aggregate/global state.

It is therefore natural to partition the excitonic states according to the number
of excited sites k: the global GS (k = 0) is the state in which none of the sites are
excited; the first excitation manifold (k = 1) includes all the states with just one
chromophore excited and all the other in their GS; in the second excitation manifold
(k = 2) all the possible combination of couples of excited sites are considered; then
all the triads (k = 3) follow, and so on and so forth.%

It is apparent that for increasing number of sites and excitations on each site,
the total number of states increases exponentially. It is nonetheless often possible
to reduce the number of important states that have to be considered. First of all,
different spectroscopic techniques (linear and non-linear) can be sensibly described
by truncating the expansion at k = 1,2, 3..., according to the number of laser pulses
which are sent to the system. Secondly, according to the spectral window which
will be probed during an experiment, a reduced number of excited states per chro-

mophore (i.e., the one which lies inside the probed window) can be considered.

5The general formula in which site m has n,, excited states is: Notar = 1+Z£V n; +Zij\ij
N
Zi<j<k nrngng + ...
6This definition of the various manifolds holds as far as there is a sufficiently large energy
separation between the single chromophore states and the states of couples of excited sites. There
can be situations in which higher lying states of single chromophores have energies comparable
with that of states of couples of excited sites: they should therefore be removed from the first

excitation manifold, and considered in the second excitation manifold.

mnj +
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Figure 1.1: Frenkel Exciton Hamiltonian sectors.

The above mentioned approximations hold if the excluded states have a sufficiently
large energy gap with the considered states, otherwise they can still influence the
simulations by mixing (via interaction) with the manifold of probed states.

In Figure 1.1 we show the different sectors into which it is possible to subdivide
the excitonic Hamiltonian, truncating the expansion to the second excitation mani-
fold (states with more than two chromophores excited are excluded, as well as single
chromophore states lying too high in energy). The increasing complexity of the
matrix for increasing number of excitations is apparent. As already explained, the
off-diagonal matrix blocks between the GS, first-excitation, and second-excitation

manifolds can be safely assumed to be zero in many cases of interest.

1.1.6 Interacting multimer of two level systems

An aggregate of N two-level systems, according to Eq. (1.9), have N states in the
first excitation manifold and N(N —1)/2 (i.e., ~ N?) states in the second-excitation
manifold. We discuss here some properties of the first-excitation manifold. The
system is characterized by the N states |i) = [0102...1;...0y), and the Frenkel

exciton Hamiltonian reads

H =" ali) (il + Y Vil Gl (110

i i#]
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Figure 1.2: Pictorial representation of the transformation of the local manifold of energies
€; caused by the interaction Hamiltonian H;,;. The new manifold of exciton
energies €, is formed.

where ¢; = (i| H |i) and V;; = V;;.7 By diagonalizing the Hamiltonian of Eq. (1.10),
one obtains new eigenvalues and eigenfunctions, which are called ezcitonic energies

and excitonic states respectively, given by

N

|Oé> = ani|i> (111)

N
o =(alHloy = Y > chHijca (1.12)

i
and the coefficients c,; are obtained as a result of the diagonalization. A picto-
rial representation of the mixing (controlled by ﬁmt) between site states, and the

resulting manifold of exciton states, is shown in Figure 1.2.

Not only the energies, but all the properties of the system have to be computed
in terms of the new states: if we consider a generic operator @, its matrix elements
in terms of the excitonic states |a) are expressed as a linear combination of matrix

elements of site states as
N
(@] O18) = chicy; (il O14) (1.13)
i,3

A notable operator that will be considered afterwards, is the transition dipole

moment f1, whose matrix elements between exciton states are related to site transi-

7And we have assumed the energy of the global ground state |0) to be €y = 0.
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Figure 1.3: Schematic representation of H and J aggregates. p;/, are the site dipoles,
Mo, p are the exciton dipoles. Even if the energy of the excitons is the same,
the different spacial orientation of the dipoles modulates the intensity of the
excitons transitions (expressed by the thickness of the black arrows).

tion dipole moments as in Eq. (1.13), i.e.
N
Hop = <O“ L |5> = Z CZiC,@juij (1.14)
]
and the transitions from the ground state |0) to a generic exciton |a), are given by®

N
Ko = <O| l:l’ |Oé> = aniui (115>

From a field-matter interaction perspective, we note that the light that impinges
on a sample of strongly interacting molecules, probes the excitonic manifold of states,
and not the original manifold of states of the isolated chromophores. Moreover the
brightness of the excitonic transitions will be proportional to the modulus of the
excitonic dipoles, i.e., |u,|?. This brightness does not only depend on the coefficients
Cai (determined via diagonalization by the Hamiltonian parameters H;;, i.e., by site
energies and couplings between the sites), but also on the orientation of the site
transition dipoles p,;, as suggested by Eq. (1.15). A widely studied example of the
influence of the orientation of the transition dipoles in the spectra of interacting

molecules is that of J and H aggregates (Figure 1.3).[12, 13|

8Here we simplified the notation by introducing p,, = po, and po; = p;. We have furthermore
assumed that the global GS will not mix with all the other states, due to the significant energy
gap between itself and all the other states
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1.2 Microscopic Origin of the Frenkel Exciton Model

The general expression of the Frenkel Exciton Hamiltonian can be connected to
the microscopic Hamiltonian of a system of interacting molecules. We consider for
simplicity a two-chromophore system, composed by molecules having respectively
N7 nuclei (described by the positions R, the momenta P and charges Z) and n/,
electrons (r, p, —1), with I = 1,2. The indexes i and ¢ run over either electrons or
nuclei of molecule 1, while the indexes j and j run over either electrons or nuclei of
molecule 2. (R, P) are nuclear degrees of freedom (DOFs), while (r, p) are electronic

DOFs. The dimer Hamiltonian (in atomic units) then reads

. P S Z:%;
Hfu” - 21:2_M+21:%_zz: % i +Zzz>:z/rl zz>z +
L m
Nz P2 n2 A2
+ - — +
Z 2M; J' 5:3>3 T J 3:3>3 jj i,
i Z__Z -3 +ZZEZJ' (1.16)
ij T J g |Pi— j ij Rij i
- int

The first two terms (labeled as H; and ﬁQ, respectively) are responsible for the
quantum mechanical properties of the isolated sites, while the last term is the cou-
pling term between sites, responsible of the mixing of the local site properties. In
what follows we will apply the Born-Oppenheimer approximation|[14] to H, and H,,
and retain only the electronic parts of those Hamiltonians. In this approximation
the nuclear DOFs are held fixed and the electronic problem is solved for each fixed
arrangement of nuclei. The electronic properties then become parametrically de-
pendent on the nuclear configuration in the BO approximation. In doing that, we

assume that this approximation is alway applicable for all the systems of interest.
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The previous equation therefore becomes

- L ]33 Z5 1
@ = (5t
i a |Pi— Rl s i
- 1
na A9
+ ZQ%— ZJA + fl +
| LA il A Y
1 Z; 7, 7,7,
T D D D I ] R
i Y iy |[Ri— T iy |Fi— R ij I I
int

By (separately) solving the Schrodinger equation for the first two terms of Eq.
(1.17), the unperturbed wave functions for the two chromophores (up to a certain
number of states) can be obtained, and interaction terms between sites are intro-
duced later via perturbation theory.’

Equation (1.17) therefore explains the microscopic origin of the Frenkel Exciton
model, in terms of intra- and inter-molecular interactions between electrons and

nuclei of the considered aggregate.

1.2.1 Electrostatic environmental effects

Electrostatic environmental effects can also be accounted for in the same microscopic
fashion, including one or more [:Iem, Hamiltonians (of the same form as H 1 and ]:12),
which describe the environmental molecules (such as the proteins surroundings),
and a corresponding number of chromophore-environment interaction terms (of the
same form of H;,,, Eq. (1.17)) for each chromophore.

Let us consider for simplicity a single chromophore C' and its environment E:
H=H.+ Hp + H,. If we assume that, in the processes of interest, the environ-
ment only acts as an electrostatic embedding (i.e. it is not involved in the interaction
with light and it is not significantly affected by the state of the chromophores), its
properties are completely described by its ground state. Before solving the elec-
tronic structure of the chromophore C, a GS computation can be performed on the

environment, and H,,; can be simplified by localizing the electron charge density on

9The particular case of e.g. a two-level chromophore is here understood by assuming that the
solution of the Schrédinger equation returns states with a significant energy gap between the first
and all the other excited states, so that one can effectively consider the system to be described by
only the GS and the first ES.
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its atoms!?, obtaining a point-charges electrostatic potential given by

Hu= Y Y2 (118)

Je
If.i - Re

where the index ¢ runs over electrons and nuclei of C, while e runs over the localized
point charges of the environment, g..!!

The first term of Eq. (1.18) is a constant, while the second term of this ef-
fective potential can be treated either via perturbation theory, as a correction of
the solutions of the unperturbed He Hamiltonian, or explicitly, inserting it in the
H¢ Hamiltonian as an external electrostatic contribution. In the latter case, the
unperturbed molecular states in presence of this effective potential will be different
with respect to the “vacuum” unperturbed solutions, and all the site properties will
be directly affected by the presence of the environment which changes the reference
wave-functions.

Note that the two ways of accounting for the environmental terms are not equiv-
alent, since the DOFs are different in the two cases: in one case these are the atomic
wave-functions (DOFs of the quantum chemistry method), which, in the presence
of such charges, mix in a different way to produces new molecular orbitals (MOs),
and then new electronic states. In the other case, the DOFs are the macroscopic
“vacuum” unperturbed states of the chromophore.

In the computations reported in this Thesis, we have always considered the
environment as directly included in the quantum chemistry computations of the

reference site states.

1.2.2 f[mt: a closer look

Let us consider (from now on) a generic system with N sites. The global Hamiltonian
is given by the sum H= (Z?{:l ﬁl) + H,,y, and H; is described as in Eq. (1.17).
As discussed before, the most general inter-molecular coupling term is given by
]:Imt => oy \7[ 7, where I and J are site indexes and \7[ 7 is a two-body Coulomb
interaction term; this Coulombic term, as shown in Eqs. (1.16-1.17), can be split in

different contributions, namely the electron-electron part, the nuclear-electron part

10Usually employing the so called ESP (electrostatic potential fitting) method.[15]
' The model can be further developed by including also the environmental polarizability.
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and the nuclear-nuclear part, i.e.,

V}J _ ‘A/I(jl—el) + ‘A/I(;wc—el) + ‘A/I(jl—nuc) + ‘/)}(;LUC—’ILUC) _ (119>
-y L.y Ay A A
p Tij —~ R — 7. —~ |7 — R. —~ Ry
J ij i j ij i j ij

where ¢ € I,j € J indexes runs over either electrons or nuclear coordinates of
chromophore I and J, respectively.

Consider the matrix element of V;; between two generic global states, i.e.
(atby...my...ny .. | Visldibly...m}. . .n)..) (1.20)

where a (a'),b (b'), m (m), n (n) span the manifold of states of chromophores 1, 2, I, J,
respectively; this generic term will be different from zero if and only if all the chro-

mophores, except I and .J, are in the same state!'?, as

(oompoong .| Vig|.omlyoonly ) = (mmy| Vg lmhn)) (a |’y (b V) ... (1.21)
:<m1nJ|VU|m'Inf]> 5aa’5bb"--

This result suggests that the coupling between configurations having more than two
chromophores in different electronic states is null.

If we explicitly express the term (mn | Vis |m/n’;) in its components, by using
Eq. (1.19) and writing the states in terms of multi-electronic spatial wave-functions

(at fixed nuclear configurations), we obtain

(mpng| Vg mhn)) = /drldTﬂ/J; (1) Y (r1) Vig (rr, vy, Re, Ry) 0y () Y () =
= /d'f‘[d'f’J’@bjn (’I‘]) me/ (’l"[) V}(jl_el) (T], ’rJ) 1/’;; (TJ) ¢n’ (TJ)
O /erVz(;UCd) (77, Rr) ¥y, (1) Y (77) (1.22)

ot / dr %, (1) Yo (r1) V™) (1, Ry)

+5mm’ (Snn/ V}(;UC*HUC) <R17 RJ)

where ; = (r{,...,7} ) and dr; = dr{...dr] . These multidimensional inte-

grals can be conveniently expressed in terms of densities. Consider for example the

12This condition is fulfilled if and only if the wave functions of the different chromophores do
not overlap in space. In this case, as we have already said, the Coulomb coupling is the unique
interaction between the chromophores.
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electron-electron contribution, rewritten as

Mep e

Vf(jl_d) (rr,ry) = ZZl/ ] —rﬂ = Z/dré(r —riI)Zl/ |7 —rﬂ (1.23)
i ( J

7

The corresponding integral in Eq. (1.22) then becomes

Z/drfir{...dréelz/z; (r{...r{lel)wm/ (r{...riel)5(r—r{22/dr(;ﬁ...
; J !

-~

(Wmld(r=r )¢

(1.24)

We note that, due to the antisymmetry of the site wave-functions and the inte-

1

!, all the n/; terms of the sum

gration over all the volume for each variable r{...r

over ¢ gives the same result, as

(Gld(r = Do) = (ral0(r — P1)ibe) Vi € (0, ) (1.25)

Eq. (1.24) is then equal to

s> [ dmﬁwiﬁ (7)o () (1.26)

where p! (r) = nl, (¥,|06(r — 7])|tby). The same kind of transformation can be
applied to the r; part of the integral, so that the various components of Eq. (1.22)

can be rewritten in terms of densities, as|16]

R 1
(i Vi ) = [ sl (7) o (2
J /
Prn’ (7' ) ZZ
Sy | ' S P T 2 1.27
/ ' il [Ri — 7| 20
5 //d’l" Prmm? (T) ZJ
eJ J
+5mm’ 57m’ ZZ Zj
Rij

where pl_ (r) is the electronic charge density of the electronic state a of molecule
I, and pl, (r), with a # b, is the so called transition charge density related to the
transition between the states a and b of molecule I[16]. According to this scheme,

we can distinguish three different kind of interaction terms:

e Density-Density (D-D): terms involving interaction between densities (m = m/’

and n = n’ in the previous equation), for which one should consider all the
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Figure 1.4: The diagonal contributions of the various sectors of the excitonic Hamiltonian.

v;(;lfel)’ ‘A/I(;Lucfel), ‘“/I(jlfnuc)7 ‘A/I(}lucfnuc)' These terms

will enter only in the diagonal of H,

possible contributions

e Density-Transition Density (D-TRD): terms involving interaction between tran
sition densities (TRDs) and densities (D) (either m = m' and n # n’ or m # m’
and n = '), in which only V" and V7" or V") have to be con-

sidered;

e Transition Density-Transition Density (TRD-TRD): terms involving interac-
tion between TRDs (m # m’ and n # n’), in which only the ‘A/I(jl*el) part of

the potential is different from zero.

We now develop some of the terms of Eq. (1.27) according to their position in the
excitonic Hamiltonian. Since we are interested in the simulation of third-order ex-
periments'?, we will hereafter consider terms up to the second excitation manifold.
First we discuss diagonal entries (in order: GS diagonal term, first excitation mani-
fold diagonal terms, and second excitation manifold diagonal terms), and then some

off-diagonal entries.

1.2.3 Diagonal Entries

The diagonal elements are those which involve site state energies and D-D interaction

terms. For the ground state energy one has:

I3Nonlinear spectroscopy experiments, where three laser pulses interacts with the samples of
molecules. The reason why one should stop to the second excitation manifold will become clear in
the next Part of the Thesis, in which we describe in detail how to simulate linear and non-linear
spectroscopic techniques.
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Figure 1.5: Pictorial representation of the terms of Eq. (1.28) for a system of three Chro-
mophores with two levels (for each of them, 0 is the GS and 1 is the unique
ES). The chromophores are spatially disposed in the (z,y) plane, and the z
axis represents the energy. The GS density of both Chrom. J and Chrom. K
interacts with the GS density of Chrom. I, and shifts its energy.

GS:

Egs = {01 H|0) = (0] <Z Az) + Hipe [0) =

= ) €+ (0] Hin [0) = (1.28)

- Z (EIO + Z (0,0 V[J |OIOJ>> =

I JAI
— Zg;g

I
where €}) is defined as the sum of the ¢; term (the energy of the isolated molecule
[ in its GS), corrected by the term >_;; (070,]V77[070), which accounts for the
interaction between molecule I (in its GS) and all the other molecules (also in their
GS). This is the term Vj oo of Eq. (1.4), whose physical meaning is here clarified.
This correction (e;, — €;°) can be interpreted as the “environment-like” effect that
the presence of all the molecules (in their GS) have on the GS energy of site I. The
global GS energy Efg is thus the sum of all the individual site energies €;°.

We note that this environment-like correction can be accounted for by consid-
ering the QM region of each molecule as surrounded by point charges (or even
polarizable charge distributions), which represent the GS charge density of all the
other chromophores. The GS energy of chromophore i, can then be obtained in
QM computations which explicitly include this electrostatic embedding of the other

chromophores, directly producing the “environmental corrected” €;° energy, instead



1.2 MicroscopPIiC ORIGIN OF THE FRENKEL ExcIToN MODEL 24

Chrom. K

Figure 1.6: Pictorial representation of the terms of Eq. (1.29) for the same system of
Figure 1.5. The GS density of both Chrom. J and Chrom. K interacts with
both the GS and ES densities of Chrom. I, shifting their energies.

of the vacuum energy ¢, .

First excitation manifold:

(mi| H |myp) = (my] <Z >+ﬁint|ml>: (1.29)

= > ex, + e, + (my| Hyg lmy) =

K#I

= Z €xy T €1, T Z Z (005] Vics [0505) + Z (m104] Vi Imi0;) =
K#I K#I J#K,J#I J#I

= Z <6K0+ Z <0K0[|VKJ|OKOJ>> + <Elm+z<m[0J|‘7[J|m10J>> =
K#I J#K,J#I J#I

A ~ * ~

= Z <€K0 + Z <0KOJ| VKJ |OKOJ>> + 6131 - (610 + Z <0]OJ| V}J |0[OJ>>
K J#AK J#I

= FE{s+ (eﬁfn - ez()’)

where in A we have rewritten the sum over the GS contributions by summing
and subtracting the term (510 + 2521 (070] Vi, |O[0J>), and defined €;° =¢, +
> gz {mi0y] Viy [mi0,).

The first excitation manifold has therefore diagonal energies given by the sum of
the global GS energy Ef.¢ and terms like (e T — €1, ), which can be interpreted as
the amount of energy necessary to promote the given site I from its GS to a certain
excited state m (i.e., the 0 — m excitation energy of molecule I) in the presence of
the other chromophores in their GS.

The introduced correction of the excitation energy of the 0 — m transition, can

be again accounted for by the presence of this electrostatic embedding in the quan-
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Figure 1.7: Pictorial representation of the term [0;0;) — [1;0;) — |171;) of Eq. (1.30),
for the same system of Figure 1.5. (Left) The GS density of both Chrom. J and
Chrom. K interacts with both the GS and ES densities of Chrom. I, shifting
their energies. (Right) The GS density of Chrom. K and the ES density of
Chrom. I interact with both the GS and ES densities of Chrom. J, shifting

their energies.

tum chemistry computations, containing the GS charges of the other chromophores.

Second excitation manifold:

(m;nﬂf]\mﬁu) = (mInJ\ (Z ﬁj) +ﬁint |m1nJ> = (130)

I=1

= Z €x, + e, +e; + (mmyl Hipe |mmy) =
K#I,J

x01Im

= kst [(er, =€) + (e —ep™)] +
* * *0Jn *0Jn
+§ [(GJZ - €Jg> + (5121 — € )}

In order to understand the last formula one has to think about the physical
process involved in the excitation of two chromophores, say I and J. Two equivalent
situations can happen: first [ is excited in the presence of all the others in their
GS (paying €;° — €; energy), and then .J is excited in presence of all the others
in the GS except for I, which is in its excited state m (paying e?}?f’" — ejilm of
energy).'* Second, the other way round, J is excited (€} — €y) with all the other
chromophores in their GS, and then [ is excited in presence of J excited and all
the other molecules in their GS (e;”* — €;°’"). The first process is schematically

described by the sequence of transitions |0;0,) — |m;0;) — |mny), while the

4\Where e’}‘jfm indicates the energy of molecule J in state n in presence of all the other molecules
in their GS except for molecule I which is in the state m).
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Figure 1.8: The various off-diagonal sectors of the excitonic Hamiltonian.

second process by [0,0,) — [0/ny) — |mmy).

If one assumes that the ES charge densities of the states of interest are similar
to the GS charge density, which implies that e;fn‘]” ~ ¢;°, then Eq. (1.30) simplifies
to

(min;| H |min;) ~ Ebg + (2 =€) + (e —€r) (1.31)

which is the sum of the global GS plus two terms which account for the necessary
energy to excite chromophores I and J in presence of the “environment”, given by
all the other molecules in their GS.

This last approximation should be carefully checked when the chromophores of
interest are very close in space (and therefore sensitive to the local details of their
charge distributions) and when the permanent dipole moments of the GS and ES
display large differences (as a result of the differences in the charge densities). All

the computation of the present Thesis relies on this approximation.

1.2.4 Off-diagonal entries

Off diagonal entries involve both TRD-TRD and D-TRD terms. We order the var-
ious off-diagonal elements according to the various sub-sectors of the Hamiltonian,
i.e.. GS-1st excitation manifold, GS-2nd excitation manifold, 1st-1st, 1st-2nd, 2nd-
2nd.
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For each given couple of states |aabpce .. .) and |a/4bzcr .. .), one can easily es-
tablish which terms of the form V;; will survive when computing the corresponding
matrix element, as ruled by Eq. (1.21). We remark that in PT these off diagonal
terms are weighted by the inverse of the (unperturbed) energy difference between
the two considered states: this means that interaction terms between states of en-
ergetically distant manifolds will give very small contributions, which can often be
neglected (e.g. we always consider the excitonic GS to be the Hartree product of
the site ground states, as it does not mix with the states of the other manifolds).
This is the reason why, in presenting the Frenkel Exciton model, we have assumed
that the different manifold of states (GS, first-excitation and second-excitation) are
decoupled.

We develop here the off-diagonal terms associated to the coupling between states
belonging to the first excitation manifold. All the other terms are discussed in the
Appendix (Section 5.1).
1st-1st

Two cases have to be considered: the first involves the states (04bp| and |a40p),

and the second involves the states (a4| and |a/;). Then
o Iirst case:

% I=AJ=8B= <0AbB|VAB|aAOB>
ST (0abs|Vislaa0s) #0 =

1 JAI J = A,I = B = similar terms
(1.32)

which translates in the TRD-TRD interaction term given by

/dr/d ’pﬁa‘T _”(;f,’ (r') (1.33)

e Second case (when a # d/, as the a = d’ case has been already considered in

the diagonal entries):

D) aalVisldy) #0 < [= 4= 2 @alVaslay) (1.34)

I J#£I J = A = similar terms

which again represents the interaction between the TRD related to the a4 —
a'y transition with all the other molecules in the ground state. This kind

of correction is usually already accounted for when, in quantum chemistry
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computations, the GS charges of the molecules surrounding A are included as

electrostatic embedding contributions.

1.2.5 Summary

In this Chapter we have discussed the microscopic origin of the Frenkel Exciton
model, showing the physical meaning of all the terms that enter in the exciton
Hamiltonian. We have also explained the rationale behind the approximations usu-
ally employed in this approach, which allow to reduce the complexity of the problem
and the number of microscopic inputs that have to be computed through quantum
chemistry calculations. In the next Chapter we briefly outline the computational
quantum chemistry techniques that have been used to obtain the results of this
Thesis, and in the following Chapter we disclose the impact of intra- and inter-

chromophoric vibrations on the description of these systems.



CHAPTER 2

Computing the QM quantities of interest

The Frenkel Exciton model, in its regime of validity, provides a powerful tool for
evaluate the manifold of states of systems of interacting chromophores. Nonetheless,
the accuracy of the obtained manifold stands on the accuracy of the microscopic
inputs which should be provided to the model, i.e. by the precision with which we
access the QM properties of the aggregate constituents (the single sites/molecules).
These are evaluated by solving the time-independent Schréodinger equation of each
single chromophore in its environment.

There are a number of methods designed to solve the time-independent Schrédinger
equation for a given molecule. We mainly distinguish between wave-function based
methods and density based methods. The former, as suggested by the name, rely
on the computation of the multi-electronic wave-function of the system, to a cer-
tain level of approximation. Among them, a powerful methodology which provides
high accuracy with reasonable computational costs, is the so called Complete Active
Space Self Consistent Field (CASSCF) method, usually employed in tandem with
second order perturbation theory correction to the energy (CASPT2). Density based
methods (DFT and TD-DFT methods) do not access the properties of the system
through the computation of a wave-function, but rather they exploit the possibility
to squeeze all the information contained in the (extremely complex) wave-function
U(ry...r,,) within a (simpler) electron density p(r). They are in general appli-
cable to larger systems, paying the price of results dependent upon the choice of
certain model parameters (i.e. the exchange correlation functional).

The results obtained in this Thesis mainly refer to computations performed with

29
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the CASSCF/CASPT2 methodology, as it is implemented in the Molcas 8.1[10]
software package.

In the following Sections we briefly review the main ideas behind the wave-
function approach, focusing in particular on the computation of expectation values of
interest (as excitation energies or transition dipoles), and reserving special attention
to the extraction of transition densities, which enter in the evaluation of the site-site

coupling terms.

2.0.1 Solution of the time-independent Schrodinger equation

Our aim is to find the stationary solutions of the (electronic, non-relativistic) time-

independent Schrodinger equation

H, U = By (2.1)

where ¥ is a many-particle electronic wave-function, and H is the electronic molec-

ular Hamiltonian, which in the Born-Oppenheimer approximation is given by

sz; zz +zz

A j>z
In the Born-Oppenheimer approximation, the electronic wave-function ¥¢ ex-

ZZ

(2.2)

plicitly depend on the electrons coordinates and parametrically on nuclear coordi-
nates. A proper electronic wave function must satisfy specific conditions: it has to
be anti-symmetric with respect to the swap of any pair of electrons due to Pauli

exclusion principle applied to the electrons (fermions), i.e.

U (21, T, ..., xy) = VU (29, 21,...,T,) (2.3)

where x = (r,s)l.

The multi-electronic wave-function is conveniently obtained
starting from orthonormal one-electron molecular spin-orbitals x (), where x ()
can be factorized in its spin — a(s) and 5(s), i.e., spin up and spin down — and coor-
dinate dependent — ¢(7) — components. These molecular spin-orbitals are combined
in so-called Slater determinants to satisfy the antisymmetry principle of Eq. (2.3).
The multi-electronic wave-function for a system of n electrons and n spin orbitals y

then reads

IThe generalized coordinate x is defined by the spatial coordinate r and the spin coordinate s.
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Xi(e1) xa(®1) - Xa (1)
\I/€l (331, To, ... 7wn> _ \/—171_!(16'6 X1 (fBZ) X2 (:w2) Xn (wZ) (2.4)
X1 (®N) X2 (@n) o Xn(Tn)

The spatial components of the one-electron molecular orbitals (MOs) ¢ (r), are

obtained as Linear Combination of Atomic Orbitals A (r) (LCAO), i.e.

wi(r) = Z%’Aj (r) (2.5)

The atomic orbitals can be either of Slater type or Gaussian type: the former
are hydrogen-like orbitals, and allow to perform accurate integral evaluations, while
the latter are represented by gaussian function, which make integral calculation
considerably faster. Gaussian type AOs are the most common choice in quantum
chemical calculations, as Slater type AOs become quickly difficult to treat for in-
creasing molecular sizes. The use of finite basis sets of AOs, introduces a truncation

error in the computations.

2.0.2 Hartree-Fock: zero-th order solution

The zeroth order solution of the time-independent Schréodinger equation (Eq. 2.1)
is the so-called Hartree-Fock (HF) solution. HF makes use of an iterative method
(Self-Consistent Field, or SCF), to obtain the best determinant of the Slater form
(Eq. (2.4)) according to the variational principle (where the variational degrees of
freedom are the coefficients ¢;; of Eq. (2.5)). In a system having n.; electrons and
m AOs, the HF solution comprise n. /2 occupied spacial MOs (further on named

©Cas @b - - - ) and m — ny /2 virtual orbitals (named ¢, 5. ..).

2.0.3 Configuration Interaction

On the top of the HF solution, it is possible to enhance the flexibility of the multi-
electronic wave-function (i.e. span a larger portion of the complete Hilbert space)
by adding other Slater determinants. This is obtained by substituting orbitals of
the virtual space with orbitals of the occupied space. The physical idea is that
of considering configurations in which an electron belonging to an occupied orbital

is excited to an orbital of the virtual space. The produced configurations can be
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classified according to the number of interchanged spin-orbitals (singly, doubly, triply

excited determinants, and so on), and the multi-electronic wave-function then reads

(W) = co[Xo) + D chlXa) + D chlXam) + - (2.6)
ra rs,ab

where |yo) is Hartree Fock Slater determinant, |y%) are all the possible 1-electron
(index r) 1-hole (index a) Slater determinants, |x"5) are all the possible 2-electrons
(indexes r and s) 2-holes (indexes a and b) Slater determinants, and so on and so
forth.

The coefficients of the linear combination of Slater determinants of Eq. (2.6)
are again determined through the variational principle (so called Configuration In-
teraction (CI) procedure[14]). We note that in the limit of infinite basis functions
and full CI (where all the possible interchanges of occupied and virtual orbitals are
considered) the exact solution of Eq. (2.1) is obtained. In practice, one always
deal with finite basis sets and truncated expansions, such as the CIS (CI-Single[17]),
CISD (CI-Singles & Doubles|18]), etc.

The HF solution can also be improved by Mgller-Plesset perturbation Theory
up to different orders (MP2, MP3, etc.)[19]: the HF wave-function is taken as the
unperturbed reference solution, and the coefficients for the different configurations

(Eq. 2.6) are determined through (Rayleigh-Schrodinger) perturbation theory.

2.0.4 CASSCF (& RASSCF)

The solutions introduced so far belong to the realm of so-called single reference
methods: they rely on a single reference, i.e. the HF solution and its MOs (which
are the fixed DOFs of the CI expansion). Single reference solutions often fail to
describe situations where static electron correlation is important, as happens in the
description of electronic excited states. A different class of methods, the so called
multireference methods, is here introduced.

These methods rely on the simultaneous optimization of both CI coefficients
and the MOs, with a procedure called Multi-Configuration SCF (MCSCF)[8]. The
MCSCF wave-function is expressed in the same form as the CI one (Eq. 2.6), but
only a restricted number of excitations between selected orbital subspaces are con-
sidered, including all the needed configurations to give a proper description of the
system. This procedure provides a better description of static electron correlation,
and the remaining contributions, the so-called dynamical electron correlation, can
then be included mainly in two ways: through Multireference Configuration Inter-
action (MRCI)[20], i.e. the multireference extension of the CI method, or through
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the application of perturbation theory on top of the MCSCF-type calculation.
Among the various MCSCF methods, CASSCF[8] is certainly one of the most
popular variations. Three different sets of MOs must be considered, belonging to
the inactive, the active, and the secondary spaces (see Figure 2.1). While inactive
and secondary MOs are fully occupied and unoccupied, respectively, a full list of
configurations with flexible occupation number is constructed in what is known
as the Complete Active Space (CAS). The selection of the active MOs is crucially
important in these methods: they must include all the MOs that are relevant to
describe with enough flexibility the considered problem. The main drawback of the
method is the limited size of the active space that can be accessed, provided by

Weyl’s Formula:

2S+1( n+1 n+1
K (n,N,S) = 2.
(m, N, 5) n+1 (%N—S) (§N+S+1) (2.7)

where n is the number of MOs, N the number of electrons, and S' is the total spin.
The high-cost (factorial) scaling of these methods for increasing number of electrons,
active space dimensions and basis sets, requires further development of the theory,
as provided by the RASSCF implementation.

The Restricted Active Space Self Consistent Field (RASSCF) represent an ex-
tension of the CASSCF method. The full active space is here further subdivided in
three parts, the so-called RAS1, RAS2 and RAS3 spaces (Figure 2.1). The active
orbitals are then redistributed in these three sub-spaces according to the following
rules: in RAS1 one inserts fully occupied orbitals and allows a fixed number of pos-
sible holes; in RAS2 one inserts orbitals with any occupation state, and a full-CI
procedure is performed in this space; in RAS3 one inserts empty orbitals, and allows
a fixed number of possible excitations. The higher the number of holes (in RASI)
and electrons (excitations, in RAS3) the larger the flexibility of such a RASSCF
wave-function will be. A schematic representation of the CASSCF and RASSCF
subspaces is given in Figure (2.1).

A way to improve the performances of CASSCF /RASSCF, especially when using
large basis sets, is based on the Cholesky Decomposition technique|21]. It accelerates
the calculation by eliminating or reducing as much as possible the storage and
manipulation of two-electron integral matrix?, with a minimal loss of accuracy.

The CASSCF/RASSCF methodology can be developed in two different flavors:
Single State (SS-CASSFT) and State Average (SA-CASSCF)[22|. SA-CASSCF pro-

2Two-electron integrals are ubiquitous in quantum chemistry computations. In the AO basis a
generic two-electron integral reads: (uv|Ao) = [ A,(r1)A,(r1)2 Ax(r2) Ay (r2)dridrs

T12
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Figure 2.1: CASSCF (left) and RASSCF (right) schemes. The different configurations are
built by moving electrons within the Active space. Solid arrows indicate that
all the possible configurations can be built within that space; dashed arrows
indicate that only a restricted number of electron configurations are allowed.

vides a more balanced description of the excited states of interest, by considering
an averaged set of MOs able to describe equally well all the selected roots, and
to guarantee orthogonality of the wanted roots. The ability of describing roots on
an equal footing is also important for the calculation of transition properties like

transition dipole moments and densities.?

2.0.5 CASPT2

Once CASSCF (RASSCF) wave-functions are obtained, second order perturba-
tion theory can be applied to further refine the description of some observables.
This procedure, named Complete Active Space Second-Order Perturbation The-
ory (CASPT2[9], or RASPT2|23] when RASSCF type reference wave functions are
used), is the multi-configurational counterpart of the Mgller-Plesset (MP2) method.
The main ingredients of the PT approach are the zeroth order wave-function |vy)
(the CASSCF solution) and zeroth order Hamiltonian H, (constructed e.g. as pro-
posed by Andersson, Malmqvist and Roos[24|). The perturbation is computed as

H =H — Ho, and the second order corrections to the energy is retained.

3However, attention should be given in cases where optimal MOs of different wave-functions
that enter in the SA procedure differ significantly.
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The CASPT2 method is also developed in two different flavors: the Single
State (SS) and Multi State (MS) CASPT2[25]. In the SS-CASPT2 each com-
puted CASSCF wave-function is taken as a reference, and PT2 corrections are
performed separately for each state (unfortunately obtaining non-orthogonal SS-
CASPT2 wave-functions for different states), while in the MS-CASPT2 the pertur-
bation treatment is applied over two or more reference CASSCF states (obtaining
a re-orthogonalization of the states and the reintroduction of the static correlation
between them). This is important when one expects strong interaction between dif-
ferent CASSCF wave functions. An effective Hamiltonian is built for a number of
CASSCF wave functions obtained in a state-average calculation, containing inter-
action matrix elements at second order between the different CASSCF states. This
Hamiltonian is not symmetric in general, and one usually impose a symmetrization
procedure (e.g. considering the average of corresponding off-diagonal elements). It
is diagonalized to obtain the final second order energies, together with the new ef-
fective zeroth order wave functions, which are linear combinations of the original
CASSCEF states. This rotation possibly leads to states with less mixed configura-
tions, and has to be applied to all the observables of interest (e.g. transition dipole
moments and transition densities). In order for the MS-CASPT2 procedure to be
applicable, the asymmetric effective Hamiltonian matrix should have small and sim-
ilar off-diagonal terms. This condition can be achieved, when possible, by enlarging
the active space.

The CASPT2 method relies on second order perturbation theory. As such, to be
successful, the perturbation should be small. It is therefore of utmost importance
that a proper selection of the active space is made in the preceding CASSCEF cal-
culation. Attention should be paid to the possible presence of intruder states, i.e.
configurations with energies close to the reference energy FEj, which can lead to an
overestimation or even singularities of the perturbation energy. Such configurations
should be included in the preceding CASSCF calculation. In the cases where this
is not practicable an imaginary shift (normally 0.1-0.3 a.u. in magnitude) can be
applied to the denominator of the second order correction terms.

The typical error in CASSCF/CASPT2 computed excitation energies is in the
range 0.0-0.2 eV.

2.0.6 Quantities of interest

Now that we have introduced the method, let us summarize the principal quantities

that we are interested to obtain with it:
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e Wave-Function, which for a generic state m is given by

|¢CAS =Co |X0 +Z |Xa +Z ab (zb (28)

rs,ab

where the MOs and the CI coefficients are obtained through the SA-CASSCF
procedure. We will in general consider CASSCF/RASSCF wave-functions.
Only in few cases, when a strong mixing of configurations is present, we will

combine them according to the MS-CASPT?2 rotation matrix described above.

e Energies, with zero-order contribution obtained from CASSCF/RASSCF es-
timate and second order correction through CASPT2/RASPT2 (SS in most

of the cases, MS when necessary).

Ep = (05,5 H W) + BT (2.9)

¢ Dipole Moments, defined as

Nel

= e (V)Y st (2.10)
k

These quantities (as well as other properties) are obtained using the RASSI|26]
(RAS State Interaction) module of Molcas.

e Transition Densities, defined as

Prun (1) = (WS35 (1 — 1) [4549) (2.11)

Transition densities are not provided as output in Molcas. We developed a

procedure to extract them, outlined in the Appendix, Section 5.3.

2.0.7 Transition densities: a closer look

The single particle transition density matriz, connecting states ¥, and ¥, (m # n)

is defined as

P (T) = N / (T e @)U (1 .y, ) dEs . dEy, ds) = (2.12)
= 2ﬂm’(s(lrl _T)‘wn>

where the integral is over all the spin variables s, and all the spatial variables except

T
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Consider two generic states 1, and 1, expressed as in Eq. (2.8), described by
the same set of molecular orbitals (i.e. obtained through the State Average procedure

previously outlined). Thus
[Yn) = colXo) + ZC o)+ e (2.13)
rs,ab
<wm’ = hO XO‘ + Z h*T <7T Z h/*/b/ <7T/Z/

r’,a’ r's’.a’b’

(2.14)

We now consider the expectation value (¢,,|0 (71 — 7) |[1,) by expressing the two
states in terms of Eqgs. (2.13) and (2.14). Thus

(W[ 0 (1 —7) [thn) = (2.15)
= hg(Xo|0 (r1 —7) {CO|XO +Zc ‘XGJFZC .}+
rs,ab
+ Zh*r <_r (ri—7r {co|Xo +Zc IX0) +Zc IXDo) + }+
rs,ab

+ 0y ;T;f/<>2£,§,/ o(ry—r) {CO\XO+Z )+ > i IX) + }+

r's’.a’b’ rs,ab

In Appendix, Section 5.2, it is shown that the different elements of Eq. (2.15) can
be expressed as linear combinations of products of Active Space molecular orbitals
pairs. Therefore, the single particle transition density matrix itself can be written

as

prn (1) = 3 Cli i (1) 0y () (2.16)

ab

The coefficients C7}" summarize the contributions with which each configuration

involving a certain pair of (spatial) active orbitals, ¢, and ¢y, participate to the

transition of interest. For each pair of states m — n the coefficients C7}" form a
matrix called transition density matriz.

Moreover, since every MO is a linear combination of atomic orbitals A; (r) (Eq.

(2.5)), the transition density p,., (r) can be expanded in term of these AOs, as
prn (1) = Z Cap'Pa (1) oo (1) = (2.17)
= ZZC‘”C " AY(r) Ay (r)

i ab
h,_/
cmn
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and C‘Z”;” is therefore the transition density matrix in atomic basis.

Note that the results of Egs. (2.16) and (2.17), derived here for transition densi-
ties, can be generalized to describe also densities (i.e. m = n). In this case, one has
to include in the summation of Eq. (2.16) also the orbitals of the inactive space.

The procedure we developed to extract transition densities from Molcas is out-
lined in Appendix, Section 5.3. From Eq. (2.16) one can see that the fundamental
ingredients needed to compute the transition density p,,, (r) are the transition den-
sity matrix CI}" and the active orbitals ¢, (). The latter are usually obtained as
three dimensional discrete grids of points. The quality of the obtained transition
densities is therefore connected to the quality of the computed active orbitals: the
grid dimension and density of p,,, () is exactly that of the ¢, (7).

We have designed some tests to check the quality of the computed transition
densities. It is known that transition densities should return zero when integrated
all over the space, and this property should be accurately reproduced also by our
discrete density. Moreover, there are some observables that can be independently
computed by the employed quantum chemistry software (e.g. Molcas), and through
the obtained transition densities, as the transition dipole moments. We have in fact
that

Ky = €<,¢SLAS|ZT.]€’¢5AS>
k

= €Ng ngs |7“1 WSAS)

— enel/drr (WSA8(r — r) g ™)
_ Q/drpmn<r)r (2.18)

where the last integral should be performed numerically with the discrete transition
density.
In our computations, with default grids, the error of the numerical transition

dipoles with respect to the analytical dipoles was always smaller than 1%.

2.1 Computing the Couplings

As we have seen in Chapter 1, the general form of the interaction terms (neglecting
overlaps between the chromophores of interest) involves integrals of densities and
transition densities (Eq. (1.27)).

In many cases of interest (as we have already pointed out), the most important

contributions that have to be calculated are the TRD-TRD interaction terms, given
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Figure 2.2: Pictorial representation of coupling between Atomic orbitals of different
molecules.

by

1
Vi = [ drartyly () =l v) (2.19)
The integration of Eq. (2.19) can be performed either analytically or numerically,

and the two different approaches are discussed hereafter.

2.1.1 Analytical method

Transition densities can be expressed in terms of atomic basis functions, as pre-
viously shown in Eq. (2.17). The integral of Eq. (2.19) becomes a two electron
integral between pairs of basis functions, one belonging to the first chromophore

and the other to the second, given by

Ly (r') Af (') (2.20)

lr — /|7

Vig= Z Z CopCls / drdr’ AL (r) Aj (r)
aB 6

Since the form of this integral is what is routinely computed by quantum chem-
istry software (e.g., Molcas), and since the transition density matrices in atomic
basis coefficients C' are also internally used by the software, we have implemented
the calculation of the Coulomb coupling between molecules in an in-house modified
version of Molcas 8.1. The results were in perfect agreement with the one computed

through numerical integration, presented in the following Section.

Similar analytical formulations of the couplings have also been developed and
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Figure 2.3: Pictorial representation of the coupling between (discrete) reduced transition
densities.

used by our collaborators of the Molecolab group of Prof. Benedetta Mennucci at
the University of Pisa in their in-house modified version of Gaussian 09, and now

available in the last software release, Gaussian 16.

2.1.2 Numerical Method: Transition Density Cube

Discrete densities can be obtained as outlined in Appendix, Section 5.3. These
are collections of coordinates (z,%,2) on a 3D grid, to which values p’(xz,vy, z) are
assigned. The use of such discrete functions requires the numerical integration of
equations like Eq. (2.19). Every grid point lies in a microscopic volume dr, and the
product p!(r)dr is equal to the charge ¢; contained in that volume. By replacing the
integrals with discrete sums and the product of densities and integration volumes

by charges, one obtains the desired numerical evaluation of Eq. (2.19), as

V=Y Y (2.21)

/r’. .
iel ieJ Y

The sum is performed over all the points of the grids which surround the two
molecules, and the numerical coupling obtained. This method is known in the
literature as the transition density cube method (TDC).|27]

The evaluation of the double sum of Eq. (2.21) can be significantly speeded up by
realizing that not all the points of the grid are equally important: the molecule has
a non-uniform electron density in the grid volume, so that points close to the edge of

the grid boundaries carry very small contributions. We have therefore implemented
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a procedure to reduce the number of interaction terms that have to be computed, by
discarding all the charges whose absolute value is smaller than a certain threshold
value, chosen to be a fraction the absolute value of the largest charge in the grid.
We chose the value of the threshold so that the obtained reduced transition densities
satisfy the same checks previously mentioned (i.e., > ,.; ¢ ~ 0 and L, mericar
Panatytical)-

Additional attention should be reserved to terms that involve very small distances
ri; between the charges ¢; and ¢;. Due to discretization errors these distances can
be artificially small (or even null), leading to divergences of the coupling term. For
this reason, a cutoff distance r. should be set and interaction between charges closer
then that distance discarded. Tests to check the cutoff dependence of the results
were performed for the couplings computed in this Thesis, and they demonstrated
it to be very weak for a large range of reasonable cutoff values.

Finally, we remark that the number of the elements that enter as coupling terms
in the off-diagonal sector of the Hamiltonian can be very large, but because they
are independent, they can be computed in parallel.

The TDC method presented in this Section has been employed for the calcula-
tion of the couplings between the chromophores of the LH2 system, with transition
densities at the RASSCF level (see Part III, Chapter 1).

2.1.3 Approximate methods

Molecules that are sufficiently far apart will not be sensitive to the details of the
charge distributions of the interacting (transition) densities. It is therefore possible
to consider multipolar expansion of p!(r), truncated at a certain level. The most
commonly employed approximation is obtained by truncating the expansion at the
dipole terms, which results in the so-called Point Dipole Approximation (PDA). The

coupling between transition densities in the PDA then reads

VPDA _ P~ 0 _3 (“éb ) RIJ) (Nch : RIJ)
= 3 5
Ry, Ry,

(2.22)

where p!, and p?; are the permanent dipoles (with a = b, ¢ = d) or the transition
dipoles (with a # b, ¢ # d) of, respectively, chromophores I and J; R;; is the
distance between the centers of mass of the two chromophores. This approximation
can be used as long as R;; is larger than the spatial extension of the chromophores.
While in many cases it is preferable to compute the complete coupling between
chromophores, using Eq. (2.19), the PDA approximation provides a simple and

easily interpretable (qualitative) picture of the molecular aggregate. Moreover it is
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Figure 2.4: Comparison between PDA and full TRD coupling between two identical
acrolein molecules, by varying their distance along the z axis.

relatively easy to obtain the transition dipole moments from experiments, so that
an estimate of the coupling could be given in principle without a single quantum
chemistry computation.

In Figure 3.1 we show the comparison between full TRD-TRD Coulomb cou-
plings and PDA couplings, computed for a dimer of acrolein molecules at different
distances. The spatial extension of the acrolein molecule is about 51&, and indeed
the PDA produces the worst results for distances below this threshold value. Above

these value the two methods give the same results.



CHAPTER 3

Coupling to vibrations

Real systems are characterized by the presence of intra- and inter-molecular vibra-
tions, responsible for the fluctuations of the excitation energies. These contributions
are fundamental to properly describe the behavior of excited aggregates of molecules:
e.g. they drive exciton migration and are responsible for fluctuation and dissipation
mechanisms, and thus for the line-shape of recorded spectra. What we have con-
sidered so far is just the system part of a more complete Hamiltonian, comprising
a bath of vibrations coupled to the electronic degrees of freedom. The complete
Hamiltonian then reads

H=Hs+ Hp+ Hsp (3.1)

where H s and H p are the system and bath Hamiltonian, and H sp 1s the interaction
between the two. In the model that we are going to discuss in this Section, the three

terms of Eq. (3.1) are given, respectively, by[28]

N

Hs = ZQ‘W <i!+ZVz‘j i) (U (3.2)
v

Hp = Zzé(ﬁi+wiéi)®i (3.3)

~ N M ~
Hsp = chszmz Z> <Z’ (34)

)

The system-bath interaction is here assumed to have a linear dependence on
both the electronic DOFs (the excited state populations |i) (i|) and the bath (mass-

43
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Figure 3.1: Pictorial representation of an open quantum system S interacting with its en-
vironment (bath) B.

weighted) coordinates Q. Moreover, different modes are supposed to be indepen-
dent. The bath of each chromophore 7 is therefore modeled as a collection of indepen-
dent harmonic modes, described by nuclear phase space variables (P,,,, Qp,), bilin-
early coupled to chromophore excitations. The coefficients c¢,,, control the strength
of the interaction of excited chromophore ¢ to the m-th mode of its harmonic bath,
whose frequency is wy,,

The Hamiltonian H can also be rewritten in the exciton basis (Jo) = )", Aqi|7))

as:

N

H =) ela)(al (3.5)

o A

225 (Pﬁu +w3ni623ni) ®1 (3.6)
N oM A

+ [ZZAZZAMWQW ) (6] (3.7)
af i omy

We note that the system-bath interaction term Hg B, which was diagonal in the
site representation, contributes here also to the off-diagonal sector of the exciton
Hamiltonian. We will show how diagonal terms describe the energy fluctuation of
the exciton states, while off-diagonal contributions drive the population transfer
between excitons.

In the following Sections we introduce a convenient way of representing the
coupling to the various modes m, which is the so-called spectral density function.

This function will enter explicitly in the simulation of the spectroscopy of multi-
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chromophoric systems, and will be extensively used in the next Part of the Thesis.

3.1 Spectral density

3.1.1 Definition

The spectral density function summarizes the properties of the system-bath coupling

described above: the spectral density J; (w) for chromophore i is defined as|[29:

Ji(w) == Z ml d(w—wm,) (3.8)

The frequencies of the modes are denoted as w,,,, and their coupling strengths to the

excited state as ¢,,,. These are the same parameters which enter in Eqs. (3.2-3.4).

3.1.2 Spectral Density & the Displaced Harmonic Oscillator

model

Within the framework of the previously introduced bath of harmonic oscillators
linearly coupled to the system degrees of freedom, a simple relation between the
ground state (GS) and excited state (ES) Potential Energy Surfaces (PES) properties
and the couplings c,,, can be established.

Let us consider, for simplicity, a molecule with a single vibrational normal mode
Q'. Within the displaced harmonic oscillator (DHO) model, the ground and the elec-
tronically excited state PES are harmonic wells along the common bath coordinate
() (and reduced mass m), having the same frequency wy but different equilibrium
geometries (Figure 3.2). In the GS the bath mode is assumed to oscillate around
d, (which can be set to zero without any loss of generality), while the ES potential
is spatially shifted so that the bath mode oscillates around d. when the molecule
is electronically excited. The assumption of harmonic modes is indeed reasonable
for many systems, as generic GS and ES PES can very often be viewed at least as
locally harmonic?.

The Hamiltonian of Eq. (3.1), including also the GS explicitly, is here given by:

N . 1 1
H=T+¢,+ §7nw§Q2 +e + Qmwg(Q —d,)? (3.9)
V(@) V(@

IThe present treatment can be easily extend to an arbitrary number of modes.
2Nonetheless we note that here we are not only assuming that GS and ES PES are harmonic,
but also that they have the same curvature, which is a stronger assumption.
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v

Figure 3.2: Pictorial representation of the DHO model: GS and ES PES (given by the
potentials V(Q) and V¢(Q), respectively) are described by the same harmonic
well displaced along the mode coordinate Q by means of d. (the equilibrium
geometry of the ES). The vertical energy is given by the difference between e,
and €, plus the reorganization energy A, which describes the energy that the
chromophore loses into the bath by relaxing from the initial (out of equilibrium
position) @ =0 to Q = d..

where T is the total kinetic energy, V, (Q) and V, (Q) are the GS and ES PES,
respectively, and €, and €. are the energies of the minima of the two PES. The
energy gap between the two curves (as a function of the coordinate ) can thus be

defined by using V; as a reference:

0eg(Q) = Ve(Q)=V,(Q)
= Acyy — mwid.Q + %mw%di (3.10)

and Ae., represents the adiabatic excitation energy of the transition g — e. The
last term on the right hand side of Eq. (3.10) is the so-called reorganization energy
Al .

A= §mw§d§ (3.11)
and represents the energy that the chromophore loses to the bath (in this case the

unique harmonic oscillator) in relaxing from the Franck-Condon point (located at
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d, = 0), a non equilibrium configuration of the bath on the excited-state PES, to
the new equilibrium position, determined by the ES PES minimum, d. (see Figure
3.2).

We can rewrite the reorganization energy by introducing the dimensionless Huang-
Rhys factor for the bath mode, S, thus obtaining

A = hwoS (3.12)

S represents the number of vibrational quanta, Awgy, that are equivalent to the

amount of energy associated to the reorganization energy of the mode of interest.
By comparing Eq. (3.10) with the Hamiltonian components Eqs. (3.2-3.4) one

can identify the connection between the system-bath coupling constant and the

parameters of the DHO model, as:
c=mwsd, = Vwy = /hwSwo (3.13)

and

A= c?/(2w)) (3.14)

When considering M independent modes, one should account for the contribu-
tions from M reorganization energies \,, and M associated Huang-Rhys factors S,,.
The total reorganization energy of the considered chromophore ¢ is simply the sum
of the individual chromophore bath mode reorganization energies, i.e. \; = Zmz A
and S; =), Sm,.

The coupling constants c,,, are interpreted in the same simple way as for the

single harmonic oscillator, obtaining (in mass-weighted coordinates)

’Cmi = w72m| (d;z - dg%) | =V )\miwmi =V hwmzsmzwmz (315>

Ay = o202 (3.16)

The spectral density in Eq. (3.8) can then be rewritten as

Ji(w)=m iwmi/\mﬁ (W — W) (3.17)

m;
and the total reorganization energy for chromophore i can be computed from J;(w)

™ W

as

Finally, we note that vertical transition energy €V is obtained as the difference
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between the two PESs at the equilibrium geometry of the ground state, i.e. as the

sum between the adiabatic energy Ae., and the reorganization energy A,

er, = Aeeg + A (3.19)

3.1.3 Spectral Density & Energy-Gap Fluctuation auto-correlation

As shown in Eq. (3.10), the excitation energy of chromophore i varies linearly as a

function of its harmonic bath coordinates, i.e., excluding all constant terms:

b, = Cn,Qum, (3.20)

m;

For each chromophore 7 we can define the excitation energy fluctuation auto-

correlation function as

Cilt) = (5,(0)86,(1)) = D & (Quni(0) @y (1)) (3.21)
where the symbol (e) indicates the equilibrium ensemble average over thermal dis-
tribution of the states of the harmonic bath.

The average can be performed in the limit of classical harmonic bath, thus ob-

taining
cl _ 1 c%”bi

while for an exact description of the “quantum” bath DOFs we have3|29]

2

CT(t) = g; (Ci) [coth (B h;u’”) COS(wWpn, 1) — i 8in(wp, 1) (3.23)

Win,

The connection between this auto-correlation function and the spectral density

is readily obtained as?

JUw) = Buw /O " O () cos(wt) (3.24)
T () = i%tanh (@) /0 " dRe[C (1)]cos(wt) (3.25)

In the next Section we show how to compute the parameters which enter in the

3Note that C{™(t) — C¢(t) for A — 0, as coth(x) ~ 1/z for small values of x.
4These results are obtained by multiplying Eqs. (3.22) and (3.23) by cos(wt), and using the
fact that fj;o dte’t = 2716 (w).
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spectral density function. As stated above, spectral densities are at the core of the
simulations of spectroscopic techniques, as they encode the bath induced energy
fluctuations and energy transport between exciton states. We will therefore review

the role of these functions in the next Part of the Thesis.

3.1.4 Spectral density evaluation: Microscopic Ingredients

The Spectral density of a given chromophore ¢ contains the information of both
intra- and inter-molecular vibrations. It is convenient |28, 11] to decompose it into
two parts|28]

Ji(w) = J (w) + T (w) (3.26)

where J/™"%(w) contains all the intra-chromophore vibrations contributions, and
Jinter (@) accounts for all the vibrational contributions caused by the environment.
The decomposition is a reliable approximation as energy fluctuations caused by
inter- and intra- molecular vibrations (i.e. by short- and long- range interactions)
can be considered uncorrelated in many cases of interest.

Within this approximation, the Ji™"(w) part of the spectral density can be eval-
uated from MD trajectories, by the cosine transform of the energy gap fluctuation
correlation function along the computed classical path (Eq. (3.24)). The chro-
mophore is kept frozen to avoid double counting of its own frequencies, which will
be included in the J/""(w) term. The intermolecular part of the spectral density
usually contains a quasi-continuum of low frequency contributions, and it is often
substituted by analytic model functions that mimic its behavior. One of the most
commonly employed models is the overdamped Brownian oscillator (OBO)|[30, 31|,

whose spectral density is given by

w/y
J(w) = ”\W (3.27)
where A is the reorganization energy and ~ is the damping constant. The inverse of
v gives the bath relaxation time.
The J/""%(w) part of the spectral density is preferably calculated in a different
way: there is in fact no guarantee that the force field parameters of MD simulations
are accurate enough to reproduce intra-molecular frequencies and reorganization

®. Instead, the needed parameters are calculated by exploiting the simple

energies
geometrical ideas introduced for the DHO model, i.e. by computing the frequency of

the modes and the displacement of the ES PES with respect to the GS PES through

°In fact it has been demonstrated that in general they are not|28].
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Figure 3.3: Pictorial representation of a spectral density. The low frequency sector displays
a OBO with parameters v = 25 cm™! and A = 100 cm™'. The peaks of the
high frequency sector were broadened by means of a weak damping factor 4
— 5 cm~ L. Inter-molecular vibrations fall in the low frequency sector.

accurate quantum chemistry computations. This can be achieved in different ways:

e In the wvertical gradient approach[11]| the structure of e.g. chromophore i is
relaxed on its GS (by means of a geometry optimization). Then a normal mode
analysis provides the intra-molecular vibration frequencies w,,, and normal
modes Q,,. of the individual chromophore i. Next, the assumption that the
same modes and frequencies can describe both the GS and the ES PES is
applied, implying that the only difference between the two surfaces is in their
vertical and horizontal displacements (by means of the adiabatic excitation
energy and the difference in equilibrium positions, respectively). The system
bath coupling (as well as the offset between the ground and excited states
surfaces) is then obtained by evaluating the gradient to the excited state at

the ground state equilibrium geometry:
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1 e
leqfdg‘Q(Q) = VQ|Q:dQ Z §wmz<le - d mi)2

= - Zwmz(dfnz - dgm)

= —cp, (3.28)

The vertical gradient approach has been applied in this Thesis for the compu-
tation of the spectral densities for the LH2 chromophores (Part III, Chapter
1), and for the spectral densities of some states of the azobenzene molecule
(Part III, Chapter 3).

e A different approach to the computation of the coupling is given by the direct
evaluation of the two equilibrium geometries dy and d., of the GS and ES state
PES respectively. A ground state optimization and normal mode analysis are
performed, followed by another optimization on the excited state surface: the
difference, along each mode, of the GS and ES minima coordinates returns the
surfaces displacements, and hence the coupling by means of Eq. (3.15). We
note that in this kind of analysis, global translational and rotational DOFs
have to be removed prior to computing the difference in Cartesian coordinate.
Furthermore, it is paramount that both geometries used to compute Ad =
(d. — d,) have been optimized at the same level of theory in order to avoid

spurious contributions to the spectral density.

This second approach is generally more expensive from the computational
point of view. Nonetheless, when the mixing between multiple states makes
the computations of the vertical gradient unfeasible (e.g. near a conical inter-
section), it represents a solid alternative. It has been for example applied for
the calculations of some of the spectral density parameters in the azobenzene
study (see Part III, Section 3.5.6).

The intra-molecular spectral density is generally characterized by high-frequency
discrete peaks (Figure 3.3), that can be broadened by gaussian or lorentzian func-
tions to take into account for the finite vibrational life-time and the inhomogeneous

distribution of vibrational frequencies.|28]
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3.1.5 Summary

Let us summarize the approximations employed in the presented modeling of the
system-bath coupling. The bath of vibrations has been introduced as a set of in-
dependent harmonic oscillators. The coupling between electronic states and bath
modes has been assumed to be linear. The DHO model allows for simple connec-
tion between the model parameters of Eqgs. (3.2-3.4) and geometrical properties of

ground and excited surfaces:
e GS and ES PES are described by harmonic wells;
e They are characterized by the same modes and the same mode frequencies w;
e They are displaced with respect to each the other by means of Ad = (d. —d,);

Spectral densities, reorganization energies and Huang-Ryes factors can be rewrit-
ten in term of the geometric parameters d and normal mode frequencies w. The
bilinear coupling ¢, that controls the strength of the interaction between nuclear
and electronic coordinates, can also be rewritten in terms of the DHO quantities
as: ¢, = w2 (d¢, — d%). Some additional consideration and the extension of the
presented model to higher lying states are summarized in Appendix, Section 5.4.

In the next Part of the Thesis, when the simulation of spectroscopy will be
introduced, we will also assume that certain operators do not depend on the nuclear
coordinates. This is for example the case of the dipole operator g, which in the
Condon approximation depends just on the considered initial and final electronic

states.



CHAPTER 4

Energy Transport theories

The first recorded observation of energy transfer between chemical species is dated
1922: while studying a mixture of mercury and thallium vapor, it was observed [32]
that thallium emitted fluorescence when mercury was excited. The concept of energy
transfer has since then evolved, but the basic ingredients are the same: a donor
(atom, molecule or group of molecules), excited e.g. by an external electromagnetic
radiation, transfers the absorbed energy to an acceptor (atom, molecule or group of
molecules) and this connection is revealed because donor specific absorption results
in acceptor-specific spectral signatures (e.g. acceptor emission).

Photosynthetic systems are extremely optimized for transferring absorbed sun-
light to reaction centers. The astonishing efficiency with which they exploit excita-
tion energy transfer pathways to funnel the energy throughout the photosynthetic
units, even at physiological temperatures, being subjected to the many dissipating
processes, has not been fully understood, and it remains an active research topic.
Photosynthetic organisms seem to have evolved not only to cope with, but also to
take advantage of thermal disorder effects for efficient light-harvesting function. It
is still a matter of great interest and dispute in the literature, how prevalent and ef-
fectual are purely quantum-mechanical forms of transport under normal conditions
(room temperature) for photosynthesis.[33, 34, 35|

The theoretical study of energy transfer in photosynthetic complexes is aimed at
shedding new light on the problem, by unraveling the microscopic origin of different
EET mechanisms and explaining measured transfer rates.

Energy transport theories are usually grouped according to the relative strength

93
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of inter-molecular and system-bath coupling. Forster theory of energy transfer, e.g.,
assumes that the system-bath coupling is stronger than that between the molecules.
Redfield theory consider the other limit, in which the system is dominated by the
coupling between the molecules. In the former case, the excitation is localized
on single chromophores, and undergoes incoherent hopping steps to move from
localize donor to localized acceptor states. In the latter theory, the strength of
inter-molecular coupling is such that the excitation is delocalized on the interacting
donor-acceptor pair, and the energy transfer mechanism involves coherent steps, in
which the energy is periodically transferred by a traveling wave-packet from one
system to the other in a time-dependent fashion. The classification of these mecha-
nisms according to the inter-exciton versus exciton-bath energy criterium, can also
be viewed in the time domain: if the transfer time (due to quantum interaction
between the molecules) is larger than the typical relaxation time (due to collisions
with the environment), the localized picture is more adequate; if on the other hand,
the transport time is smaller than the typical relaxation time, a coherent transport
mechanism, bridged by delocalized states, is likely to occur.

Viewed either in the time or in the energy domain, this classification boils down
to the idea that some descriptors of the system are smaller with respect to other,
i.e. that some terms of the Hamiltonian can be treated perturbatively. In what
follows we consider the global Hamiltonian of the system to be given in the form
of Eq. (3.1), and present Forster and Redfield approaches, obtained considering
either Hgp or the Coulomb coupling between sites to be the perturbative H term,
recasting all the other terms in the reference Hamiltonian H,.

The state of an open quantum system (e.g., a system which is coupled to a bath
of vibrations), is appropriately described by the density matrix operator p. We will
make use of it in the following Sections, while extensively reviewing its properties
in Part II, Section 2.1.
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4.1 Forster energy transport

Within the Férster Resonant Energy Transfer (FRET) theory, the Hamiltonian is

written as follows:

N M; 1 N M;
Hy = Y ali)(l+> %5 (P2 462,02 ) 143D cnQu,

| i) G

(2
N

;I; f}; H‘srB
H = Vil (] (4.1)
i#j
—————
Hcoul

In the context of time-dependent perturbation theory, the Fermi Golden Rule
gives the probability of the system to migrate from an initial to a final states (given
respectively by donor excited with the acceptor in the ground state, and acceptor
excited while the donor is in the ground state) via the perturbation H’.[16]

This leads to the well known Forster rate matrix, which reads:

Kym= M /+°° dwF,, (w)An(w) (4.2)

2r J_o

The rate between the donor m and the acceptor n is given by the square of
the coupling (a dominant characteristic of FRET) times the so-called overlap in-
tegral. The overlap integral is related to the optical spectral overlap between the
normalized absorption spectrum A, (w) of the acceptor and the normalized fluores-
cence spectrum Fy,(w) of the donor. Since the donor-acceptor coupling is assumed
to be very small, the spectrum of the donor-acceptor couple is identical to that of
the individual non-interacting constituents in the same environment, which is what
makes this theory so attractive: the excitation energy transfer (EET) rate is given
in terms of easily accessible experimental observables rather than in terms of com-
puted quantities!. For molecules sufficiently distant, the coupling can be expressed
as a transition-dipole transition-dipole interaction, which results in Forster’s famous
R~% dependence of FRET rates.|36]

Forster theory can be extended by considering weakly coupled domains of delo-
calized states (i.e. excitons describing groups of strongly interacting chromophores).

This is the so-called Generalized Férster theory.

1Overlap integrals can nonetheless be computed, as so-called Frank Condon Weighted density
of states, see e.g. [16]
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4.2 Redfield energy transport

Within the Redfield theory of transport, the Hamiltonian can be written as

N M;
Hy = > eli) i+ Vi i) <jy+ZZ%(P3%+wi”Qii)i

i i#] :
N—— N ~ ~- S
He Heoul Hp
N M,
H = 3 n,Qm, i) (il (4.3)
i omy

[\ J/

Vv
Hsp

It is convenient to rewrite all terms in the exciton basis (Jo) = Y. A |7)), as in
Egs. (3.7), so that

66@[?((2)
g N M; 7
H =" AL As chmicgmi] o) (B (4.4)
af R 7 m
5.,(Q,)

As previously noted, the excitonic mixing of localized states give rise to off-
diagonal elements in the electron-phonon coupling Hsp (Eq. 4.4), which cause
relaxation between exciton states.

Using second order cumulant expansion (see next Part of the Thesis), the two-
point quantum correlation function between energy gap Hamiltonians in exciton

basis is found, and it is linked to the two-point correlation of site energy gap Hamil-

tonians:
Capys(t) = Z ALiAsi AL Asi Ci(t) (4.5)
(6eap(t)deys(0)) (0e, (t)de:(0))

C;(t) was previously introduced in Eq. (3.21), and its connection to the site
spectral density established. We can similarly connect Cpg,5(t) to different spectral

densities. As an example, for an exciton state a, we have that
4
Caaaa(t) = Z |A0ci| Cz(t) (46)

so that

Jo(w) = Z |Agi|* Ji(w) (4.7)
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The electronic part of density matrix is also rewritten in the exciton basis as
p zC _ ATpsiteA (48)

and the Redfield equation is obtained:[37, 16|
a exc exc €Z‘C

Eq. (4.9) is valid when Hgp is a perturbation and we further assume that the so-
called Redfield tensor R, .q is time independent, which is true in the Markovian
limit. The first term of the equation describes the coherent evolution of the excitons
according to Hy, while the second term describes the relaxation dynamics induced
by the coupling with bath fluctuations Hgp.

The Redfield tensor can be expressed (by Fourier transform) in terms of the
spectral densities computed from Eq. (4.5), and different relaxation processes can
be distinguished|16]:

e Population relaxation (Ruq.qa);

e Population transfer (Ruqp, @ # b);

e Coherence dephasing (Rupap, @ # b);

e Coherence mixing (Rupcd, a # b # ¢ # d);

e Population conversion into coherence (Rapp, @ 7 b);

e Coherence conversion into population (Ruepe, @ # b # ¢);

In the so-called secular approximation to Redfield theory, one retains only terms
resonant with wg, so that, of the previous list, only population terms R, (in-
cluding a = b) and coherence dephasing terms R q, survive. This implies that, in
the secular approximation, the evolution of populations terms of the density matrix
(paa) is decoupled from that of coherences (py), and also that different coherences
evolve independently.

An extension to the Redfield theory is the so-called modified Redfield[38, 39|, for
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which one has the following repartition of the Hamiltonian:

a i

N M;
Ay = Y eala) ol + 3 us(@fa) (ol + 303" 5 (B2, +02,02,) 4

(.

H:;c HS;:jiag I'}rB
A = Y 6,5(Q)]a) (8 (4.10)
HSB O\ﬂrl—diag

The diagonal part of the electron-phonon Hamiltonian is included in the non-
perturbative Hamiltonian Hy: this allows the treatment of the off-diagonal part of
the electron-phonon Hamiltonian as a perturbation even when the electron-phonon
coupling is not small, providing the spatial overlap of the two exciton wave-functions
(A%;Apj) to be small®.

Modified Redfield introduces the possibility that multiple energy quanta are
exchanged between the electronic and vibrational degrees of freedom, and in specific
limits it has been shown to behave as Redfield and Forster theories, in the respective

regimes of validity of the two methods.[40]

4.3 PLDM dynamics

We briefly outline here the principal ideas behind the Partial Linearized Density
Matriz (PLDM) method, developed by P. Huo and D. F. Coker[41]. PLDM provides
a systematically improvable, accurate, and flexible numerical propagation scheme
for treating EET dynamics and simulating, as presented in the next Part of the
Thesis, spectroscopy experiments. Among the features, it is nonperturbative, non-
Markovian, and does not require any particular form for the system bath interaction.

The method is designed to describe the time evolution of the expectation value

of a generic operator, given by
(T|O®)|) = (T]e /MO )| v) (4.11)

where H is a general system-bath Hamiltonian (e.g. of the form Eqs. (3.2-3.4)) and
the system and bath are prepared in some initial state |U). The forward (e~%/"Ht)
and backward (e'/ hH ') propagators can be accurately described using a semiclassical
path integral formalism.[42] The central approximation of the method resides in the

assumption that for short times, forward and backward nuclear paths should remain

2This is generally true when the distribution of site energy is large.
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close to each other.
In the following Sections we focus on the evolution of the density matrix operator,
but the formalism is completely general, and allows to treat generic operators exactly

in the same way.

4.3.1 Mapping Representation

Let us consider a density matrix operator which describes a system of nuclei with
position R (representing e.g. the protein scaffold, the solvent, and the chromophore
vibrations), coupled to a manifold of electronic states, labeled by the quantum num-
ber n (usually the diabatic site states of a Frenkel Exciton model).

The time evolution of the density matrix in terms of |R;, n;) states is given by:

(Re, el (1) | Ry, ) = (R, male™ MM p(0)e /MR Ry mf) = (4.12)
= E:%/}U%dRé(Runﬁé*”mﬁﬂf%,nd<f%,ndﬁdnﬁ%7n®< R A
nony,

The total Hamiltonian H can be written as the sum of the nuclear kinetic energy

term plus a general electronic Hamiltonian in the diabatic representation, as:
. p? I
= 531+ 20 ) ha (R (| (413

flel(}?) contains the potential energy surfaces for the various states |n) and the
coupling between them, and depends on the nuclear configuration R.

To deduce the continuous path integral expression for both the nuclear and
electronic degrees of freedom, the Meyer-Miller mapping model is employed: the
discrete quantum states of the system (i.e. the electronic DOFs) are exactly mapped

onto a set of fictitious harmonic oscillator raising and lowering operators (|n) — a! =
(fn — ipn)/+/2) and the Hamiltonian of Eq. (4.13) takes the form[43, 44]

. P2 1 - 1 ;
A=+ = halR) (72 + 92 — B) + 5 > o (R) (Fufor + Popr)  (4.14)

n n'#n

where (7, p,) and (lf’, }?i) represent the complete sets of system and bath mapping
phase-space DOFs, respectively.
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4.3.2 Propagators in the path-integral formalism

The forward propagator of Eq. (4.12) is then written in a discrete phase space path

integral form, as

dP, dPy
EOEN (i/mys

N-1
(Ryny|e WY Ry ng) = / Hdeﬁ pps Ty o] (4.15)
k=1
where N
(Ri — Ry—1)  P?
Sy = P - 4.16
0 6;{ F € 2M ( )

is the nuclear kinetic action, € is the nuclear time step, and

T o] = (ng|e=@MeheBr—r)  o=(i/Meher(Ro)|py (4.17)
is the quantum transition amplitude associated to the evolution of the electronic
(mapping) Hamiltonian of Eq. (4.14) along the discrete path of nuclear configu-
rations Ry...Ry_1. The Herman-Kluk [45, 46] (or coherent state) semiclassical
propagator, with a coherent state width parameter v = 1/2, is employed for the
system DOFs to rewrite T}, »,), which then gives

1 : : ;
71[”&"0] - / dTOdpoi(rnt + ant>(rn0 - ano)e( /MS1(t)

(4.18)
ef(i/Qh) Za (Tatpat *Taopao)e—(l/Qﬁ) Za (7’3‘0 +T§O)
S1(t) is the action of the system mapping variables, expressed by
t
S1(t) = / dr |> paia — h(R) (4.19)
0 (07

where h(R) = 1> haa(R) (r2 +p2) + 5 2 gt hap(R) (TaTs + paps) is the clas-
sical equivalent (in the path-integral system variables) of the quantum mapping
Hamiltonian of Eq. (4.14).3

/

A similar expression holds for the backward propagator (R}, nj|e?/" | R} nl),

3While results are independent of the specific choice of the coherent state width parameter, -,
choosing it as v = % has the useful consequence that the coherent state version of the semiclassical
van Vleck determinant exactly cancels the troublesome —2% " h,,(R) term in Eq. (4.14) [47].
This mitigates the issue of the bath DOFs propagating on an inverted potential energy surface
(PES) when the mapping variables sample regions of phase space in which 72 + p2 < 1.
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with correspondent terms Sy and T . Eq. (4.12) is then rewritten as:

dP,dPy [+ ., dP. dP ,
dRydR,) dR B N /M (So=S) T
Z/ 0 /H k27rh27rh/kll_[:1 k27rh27rh nemol = [ng.nt]

TLTLO

(4.20)

The phases of the path integral expressions for full forward and backward propa-
gators are combined (e~ (#/M(S0=5) = (/M (1= —51) 1)) and the bath phase space DOFs are
transformed to mean and difference path variables, defined as R = (R + R') /2 and

7 = R — R/, respectively, with similar definitions for the corresponding momenta,
PandY.

4.3.3 (Partial) Linearization

Until now, we have just rewritten the expression for the density matrix evolution of
Eq. (4.12) in a path integral form, and it is still exact. The central approximation of
the partial linearized approach comes through a truncation of the functional Taylor
series expansion about the mean bath phase space path, (R(t), P(t)), to linear order
in the difference path variables, Z(t) and Y (¢). This approximation is based on the
assumption that forward and backward nuclear paths will remain close to each other
for short times.[41]

The difference of forward and backward nuclear and electronic amplitudes, Sy—S5
and S; — S}, then read[41]

o — e~ S (Pons 4 B ze — 3 [P - (R R
(So— S4) = PxZn — PiZy — ;(pk+1 + P2 — ; {Mk - (Be= By,
(4.21)
and
(S —S/> /dTliZ(T D ! p/ )+
' ! 2dr arffar— Tarlar
(4.22)

[ (590 0 e R 000) 2+ 012
0

where we have expanded and truncated the S;—S5] difference at linear order in Z, and
used the approximation Y paga—h? (R, p,7) ~ > PaGa—h (R, p,7)=2L (3" Paga)-
Note that the first term of Eq. (4.22) cancels the boundary terms in both Tj,, »,]
and Ty -

Upon functional integration of this partial linearized approximate result over
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bath difference path variables (i.e. Zy...Zy_; and Y] ... Yn)?*, the final expression

for the evolution of a generic element of the density matrix operator p is given by

[41]

ZN _ Z _
<nt,RN t= p(t) |y, Ry — 7N> = Z /dRodrodpodrédpﬁ GoGy
10,1,

1 , 1 _ dP, dPy
X Q(Tnt +2pnz)(Tn0 ano>§< /’ an) T A +an <H /d k_) ?

N-1 N —

P, P, R, — R P

non /f)P 7 k+1 — 1k k k-1 Tk

T O S
(4.23)

This equation, which gives the time evolution of a generic expectation value of

the density matrix, has the following interpretation:

e Initial (mean) nuclear DOFs are sampled from the probability distribution
obtained from the partial Wigner transform of p(0) with respect to the bath

variables, as
nono Z —(z/h)P1Z0
(Ro,Pl) dZO<TL07R0 + —|p|n0,R0 9 > (424)

labeled by initial system states ng and ny;

e Initial system DOFs (mapping variables) are sampled from the Gaussian func-
tions Go = exp [~ 32, (0 + Pao)] and Gy = exp [=55; 32, (i + Pid)]:

e The system (mapping) DOFs are evaluated along classical-like trajectories

ruled by h:

S O(R) . OR(R)
Tnt - apnt ) pnt - 8’]"nt (425)

e The nuclear trajectories are evolved as prescribed by the products of §-functions,

by the effective force

1 _ _
F, = —éka (R (R, 7, p) + K (R, 7', p")) (4.26)

(i/R)Y

4The functional integration transforms the e~ (/"% and e~ terms in the ¢ functions which

appear in the final expression, Eq. (4.23).
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Figure 4.1: Pictorial representation of the central equation of PLDM dynamics, Eq. (4.23).
It shows in particular how the coupled bath (nuclear) and system (electronic)
dynamics mixes the initially sampled density matrix elements so that they may
contribute to the same density matrix element at time t.

which depend on both forward and backward system DOFs ((r, p) and (', p'),

respectively);

e The propagated trajectories, provide a dynamical ensemble over which quanti-
ties can be averaged thus performing the following integrals » - ” [ dRodrodpodridpy,

yielding the desired time evolved density matrix elements.’

We note that the necessity of averaging the (often oscillatory) complex phase
factors associated with the product of polynomial terms in the mapping variables in
Eq. (4.23) can be problematic: it can in fact result in considerable noise in computed
averages at longer times, requiring larger ensembles of trajectories to obtain desired
convergence. Alternatively, it is possible to treat this algorithm as a short-time
propagator, where the linearization approximation is valid, by concatenating many
short-time propagations: an accurate evolution of the density matrix for longer times
is then obtained. This is the so called Iterative PLDM approach[48]. In the limit of
infinite time slices, this iterative approach converges to exact quantum mechanical
results [48].

5Tt should be pointed out that, although the Herman-Kluk propagator is semiclassical, the
Meyer-Miller Hamiltonian is at most quadratic in the system mapping variables. Therefore, this
semiclassical propagator provides an exact quantum mechanical treatment of the system dynamics
for fixed bath variables.
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This framework offers a robust and systematically improvable means of comput-
ing the time evolution of quantum mechanical operators, which has been demon-
strated to provide accurate description of EET dynamics in a wide variety of pho-

tosynthetic light harvesting systems.[41, 49|



CHAPTER b

Appendix

5.1 Off-diagonal entries of the Excitonic Hamilto-
nian

GS-1st excitation manifold
Here we consider the states (04| = (0102...04...| and |aa) = |0102...a4...).
Then

DD (0alVislan) # 0 I'=A= 3724 04Vaslaa)

R (5.1)
T J#I J=A=3"1,4(04|Vialaa)

and since V;; = V;; the two terms are equal. Moreover we can express the previous

result in term of densities and transition densities (Eq. (1.27)), as

I !
A Z Poo(T’) Z Z;
/drp()a /dr,|,’,, _ ,',,/| + |’l" _ R/| (52)
el v

T#£A

Therefore, the terms which appear in the GS-1st excitation manifold sector of the
Hamiltonian are interaction terms between transition densities of the kind 04 — a4
and the densities of all the other molecules in their GS.
GS-2nd excitation manifold

Here we consider the states (0405| and |aabp), defined similarly as above (i.e.

the chromophores which are not explicitly specified are in the GS). Then
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. I[=A,J=B= (040pViglasbs)
D) (0405|Vislasbp) #0 <> (5.3)

T JAI J =A,I = B = similar terms

Therefore, in terms of densities, these elements are computed as:

/dT/d lpUa pOb ) (54)
T

i.e. this interaction term reduces to the computation of a single TRD-TRD coupling.
1st-2nd

The general interaction term of this manifold is >, >=,_; (aa|Vis|bgee). Tf A #
B # C this term is zero. We consider two cases for which this term is not zero:
A = B # C, with states (as| and |asco) or |d/yco), and the symmetric case given
by A = C' # B. Due to the similarity between the two cases we will just consider

the first one, i.e.

(I =AJ=B,a=d = (aA\VAB\aAbB)
I=A,J=Ba+d = (as|Vag|d,bs)
ZZ (aalVisldybp) #0 <= {J= A, I = B = sim. terms

rA [=BJ#A4Ba=d =Y, {05Vsslos)
\J:B,I%A%B,a:a’:>sim.terms

(5.5)
with terms already discussed before.
2nd-2nd

The general interaction term of this manifold is of the form >, >~ ., (a abs|Vis|cedp).

Again there are several possible combinations of chromophores and states that make
it different from zero. We will study the A = C' case, because all the considerations

hold also for the symmetric A = D. The matrix element of interest is therefore

(aabg|Vislaydp).

e First case: A = C,B = D, a = d,b = V' is a diagonal element, already

considered above.
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e Second case: A=C,B=D,a=ad,b#V

( ~
I = A, J=B—=— <aAbB|VAB|CLAb/B>
. , J = A, I = B = similar terms
> (aabp|Vislaaby) # 0 < .
I JAI ]:B,J:C%A#szc <bBOC|VAB|b/BOC>

\I = B, J = C' = similar terms

(5.6)

e Third case: A=C,B=D,a#d,b#l

~ I:A,J:B:><aAbB|‘A/AB|a/ b/>
DN (aabp|Vislayb) # 0 < Wbg

I J#I J = A,I = B = similar terms
(5.7)

e Forth case: A=C,B# D, a=d

N I = B,J =D—= <bBOD|VBD|b, dD>
ZZ <aAbB|VU\aAdD> 7é 0 <— B

I AT J = B, = D = similar terms
(5.8)

5.2 Transition density matrix

Consider a Molecular system with N electrons, described by 2K (spin) molecular

orbitals (and thus only K different spatial wavefunctions ¢(r)) given by:

|X1> ) ot |Xa> ) |Xb> ) ot |XN> ) |XN+1> y ot |Xr> ) |Xs> ) ot |X2K> (59)

Slater determinants can be written (in a more compact notation with respect to
Eq. (2.4)) as

) = > sign(P) [xp (1) - [xe. (@) [xp,(0)) - - [xpy (V) (5.10)

where ), is a sum over all possible permutations of the state indexes 1, ...a, ...b, ... N,
described by the vector P = (P, ... P,, ... B, ... Py). The function sign(P) is
equal to +1 for even permutations, and —1 for odd permutations. In the simple
case of two orbitals, labeled as 1 and 2, P can be either (1,2) or (2, 1), and thus the
sum of Eq. (5.10) is just made of the two terms |x1(1)) [x2(2)) — |x2(1)) |x1(2)).
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Following the expression of Eq. 2.8, a generic state |1),,) can be written in terms

of Slater determinants of the molecular orbitals of Eq. (5.9), so that:

[Vm) = CoZSlgn )Ixp (1)) - Ixp, (@) [xp, (D)) - [xPy (N)) + (5.11)
1%0) ’
+Z Zagn ) [xp (1) - [xp, (@) [xp, (0) - [xpy (N)) +
%) .
+) ZSIgn ) Ixe (1) |xp, (@) [xp, (0)) - [xpy (N))+...
[523) J

where the normalization normalization factor 1/N! has been absorbed within the
coefficients ¢ here). Note that in the second term, the (occupied) molecular orbital

|Xa) has been removed and substituted by the (virtual) molecular orbital |y,.).
Let us consider, term by term, the various pieces of Eq. (2.15). The first term
reads

(X0l 6 (r1 —7) [Xo0) = (5.12)
= > sign(@ Zs1gn ) (xar (D] (xq. (@) (xq, B (xqx (N)] 8 (r1 —7)
Q

o (1) Ix (@) ey ) e (V) =
= D siun@ Y sien() fxes (1161 =) ey (1)
Q

- (xQ. (@)] xp, (@) (xq, (0)| xp, (0)) - .- {xon (V)] XPy (N)) =
= ZSign ZSlgIl QOQ1 Tl)‘ 0 (1‘1 - T) |LPP1 (T1)> 6QaPa6Qbe s 5QNPN

N
_ Nz/dmgpz (r1) @i (71) 6 (1 — 7)

N
= NZ|%‘(7°)2

where we have integrated over the spin variables, as the operator § (r; — r) affect
only the spatial variable, and we have made use of the orthogonality condition for
spatial orbitals, obtaining the sequence of Kronecker deltas d¢,p,00,p, - - - 00y Py -
These impose that also P, = Q1. N is a normalization factor (in this case is equal
to (N — 1)!)). In our computations, where one of the two states is the GS and the
other is an ES, we assume the pre-factor of this contribution (hgcy) to be very small,

and we will neglect this first term.
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The second term of Eq. (2.15) reads

(Xold (r1 —7) |xo) = (5.13)
= > sign(Q ZSlgn ) (X (D]-- - (xq. (@) {xq, O)] - (xon (N)[6(r1 —7)
Q

Ixp, (1)) - |XP (@) [xp, (b)) - |Ixpy (NV)) =
= ) sign(Q ZSIgn (x@: (I3 (r1 =7) [xp, (1) ..
)

- (XQu (a)] xp, (a)) <XQb ®)] xp, (b)) --- (xon (N)| xPy (V) =
= (xa(D)]6(r1 —7)|x Z&gn Zagn . 00,P, - - 0QN Py =

= N/dmsoz (r1)pr (r1)d(r —r) =
= Ny (r)er (T)

The third term Eq. (2.15) reads

(Xol 0 (r1 —7) [Xap) = (5.14)
= ZSAgn ZSIgn (xar (D] (Xq. (@] (xq, (O)]--- (xox (V)6 (r1—7) [xp, (1))

--Ixp, (a)) \XP (0)) - Ixpy (N)) =
= ZSlgnQ ZSIgn {(x@: I8 (rv—7) Ixp, (1)) .

- (XQu (a)] XPT( )) (x@, (0)] xp, (b)) ... (XQn (N)] xPy (N)) =
= (xa (V)| (r1 = 7)|xr (1)) {xs (a)| xs (a)) + similar terms =
= 0

because one of the products (x;, (a)| xs (a)) is always between different states (be-
longing to the occupied and the virtual orbital subspaces).

The forth term, (\7|d (r; —7)|Xo) turns out to be the complex conjugate of

{(Xo| 0 (r1 — 7) |X"), thus it is equal to N¢? (r) p, (7).
The fifth term reads

(X016 (1 —7) |X5) = (5.15)
= ) sign(@ ZSlgn (xa: (M- (xa, @)] (xq, ®)]--- (xax (N)|5(r1 —7)
Q

Ixp, (1 )>--~|XPT( ) Ixp, (B))...|xpy (N)) =
= (w6 (r1—7) [xr YN =
= Ny (r)pr ()
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The sixth term reads

(X|8 (1 —7) [X05) = (5.16)
= > Y ) e, M- xa, @] {xq. @) (xgx (N[5 (r1 —7)
Q P

X (1)) - Ixp, (0) Ixp, (B)) - [xPx (N)) =

= (e (D151 =) e (1) (0 (0)] X (a)) -+ siruilar torms +
+ O (D] (r1 = 7) [xr (1)) (6 (@)] x5 () =
= Noj (r)@r (1) 0ms + Ny (1) 05 (1) 61

At this point, it is apparent that all the remaining terms of Eq. (2.15) can also
be written as products of active orbitals. Therefore, the single particle transition
density matrix can be entirely re-written as a linear combination of products of

spatial molecular orbitals of the Active space, i.e.

pmn (1) =D Caiply (1) 0y (1) (5.17)

Note that the integral over r of a density/transition density so expressed, is

equivalent to the trace of the transition density matrix Cl,.
Waltn) = [pun ()i = [ Y Copimyamar= 61y
a,b

= > [t i -
a,b

- Z Capdap = Z Claa
a,b a

5.3 Transition densities: how to obtain them in Mol-

cas

The transition density matrix CEL of Eq. (2.16) is routinely produced by quantum
chemistry codes (e.g. for the computation of transition dipole moments), and one
extracts it through the keyword TRD1 in the module RASSI|26]. The MOs belong-
ing to the active space are usually produced through the Molcas module GRID IT
in the grid format (an internal format of Molcas), and are interpreted by the script
for the visualization of the orbitals (gv.exe). This module allows to define the level

of accuracy (density of points) with which these orbitals are printed to file. As an
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example, the use of SPARSE keyword produces a poorly resolved density, with 1
grid point per a.u., while the DENSE keyword produces grids with 10 grid points
per a.u. (paying the price of very large output files). The default density of points
is set to 3 grid points per a.u., which is the best compromise between accuracy and
file dimension. Other parameters that can be chosen are e.g. the grid dimension and
grid’s axes orientation. As we need to combine these orbitals in the expression given
by Eq. (2.16), the more convenient (and more used) cube format for the orbitals
should be used. The transformation from grid to cube formats can be performed
using the grid2cube.py script provided in the Tool folder of Molcas.

The algorithm we designed to obtain the transition densities of interest is here

summarized:

1. Perform a SA-CASSCF (SA-RASSCF) computation, including in the SA pro-

cedure (at least) all the states of interest.

2. Include in the RASSI section the keyword TRD1, which enables to save into a
file the transition density matrices for every coupled of states included in the

SA procedure.

3. Produce the grid files containing the active orbitals through the GRID IT

module, choosing the desired grid density (and grid dimension).
4. The orbitals can be transformed in cube format with the grid2cube.py script.

5. Finally, the so produced active orbitals and transition density matrices can be

combined according to Eq. (2.16) to obtain the desired transition densities.

5.4 Spectral Density and higher lying states

In this Section we improve the DHO model of Section 3.1.2, by including possible
higher lying states. Indeed, this is important for the description of e.g. 2DES
spectroscopy, in which a molecule prepared in an excited state e by the first two
interactions with the laser field, can be further excited to an higher lying state by
the last field interaction.

First of all we note that the displacement d, with respect to the reference position
d, = 0 can assume both positive or negative values (Figure 5.1). This changes the
sign of the coupling ¢, but does not affect the value of neither the reorganization
energy (Eq. (3.11)), nor the spectral density (Eq. (3.17)): the displacement d,
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Figure 5.1: Pictorial representation of the DHO model, highlighting the possibility of both
positive and negative displacements d..

enters in these expressions as a square, which makes them insensitive to its sign.!
Let us add another excited state f, with a displacement d; with respect to the
reference d, = 0. This state can for example be reached from e by a light induced
transition. The definition of the energy gap between the GS g and the ES e of Eq.
(3.10), can be extended to describe the energy gap between the states e and f, as

07e(Q) = Vi (Q) = Ve (Q) (5.19)

This equation can be further developed, by taking V, as a reference, so that

07e(Q) = (Vi (@) = V5 (Q)) — (Ve (Q) = V5 (Q)) =

(5.20)
= 079(Q) — 0¢4(Q)

Following the definitions of Section 3.1.3, we compute the energy fluctuation

In the next part of the Thesis, we will connect the spectral density to the linear absorption
spectrum of a molecular system. The fact that the spectral density is insensitive to the sign of the
ES displacements results in identical linear spectra for both +|d.|.
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auto-correlation function between states e and f as

Crepe(t) = (07e(0)de(t)) =
= (079(0)d1g(t)) + (0eg(0)deq (1)) — (074(0)deg (1)) — (0eg(0)dsg (1)) = (5.21)
= Cps(t) + Cee(t) — Cre(t) — Cef(t)

where the subscript g has been removed from all the expressions, being the common
reference to all the obtained results. The first two terms are of the same form of Eq.
(3.21), and they still depend on the squares dfc and d?, respectively. At variance, we
note a substantial difference in the last two terms, as Ct.(¢) and C.s(t), which depend
on the product d.d¢. This make them sensitive to the sign of the displacements.

In the azobenzene study (see Part III, Chapter 3), we will take care of the sign
of the displacements of excited states wells in the parametrization of the spectral

densities of the transitions of interest.



Part 11

Spectroscopy: experiments vs.

modeling
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Introduction

The quantum mechanical properties of single molecules and aggregates of interacting
molecules have beed discussed in detail in the previous Part of the Thesis. How
can we test if any of the obtained information has something to do with the real
world? This fundamental question (how can we access the microscopic properties of
nature) is common to many research areas, from chemistry to high energy physics.
Each of these areas has developed its appropriate tools to enhance the microscopic
world to a macroscopic -accessible- scale. The Large Hadron Collider (LHC) in
Genéve, is an example of such an attempt to probe the invisible world of sub-nuclear
physics, achieved through collisions of high-energy particles. The LISA and VIRGO
light interferometers, are very large instruments design to capture incredibly small
deformations of space(-time) caused by gravitational waves, and reveal where and
what has produced them. X-ray radiation allows to determine the atomic positions of
crystallized molecules by the diffraction patterns produced upon illumination of the
sample. In the field of photochemistry and photophysics, properties of molecules
and of aggregates of molecules are probed by studying their response to external
light-induced disturbances, in a spectral window which typically range from the
ultraviolet (UV), through the visible (VIS) to the infra-red (IR).

The term “spectroscopy” summarizes the conspicuous body of techniques that
use radiation to obtain information on the structure and properties of matter.

Spectroscopy allows to study the ability of the primary photoactive molecular
entities of light-harvesting (LH) pigment-protein complexes (present in photosyn-
thetic organisms), to absorb light at different wavelengths. The absorbed light is
then temporarily harvested in molecular exciton states, which produce energetic fun-

nels from the absorbing molecules to the central powerhouse behind photosynthesis,
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the so-called reaction center, where this energy is eventually used for function. Ad-
vances in non-linear electronic spectroscopy with femtosecond time resolution, such
as the two dimensional electronic spectroscopy (2DES), have provided new insight
in such energy transfer processes [33, 35, 50, 51]. The possibility of probing the sys-
tem at selected wave-lengths and time intervals from the primary absorption event,
combined with some pre-knowledge of the molecular network, allows to obtain high
density of information about system’s excitation properties, relaxation pathways,
and corresponding photoinduced dynamics (e.g. EET processes).

While experimental results can, in principle, provide important details about the
studied system, the complexity of recorded spectra makes a deep understanding of
the origin of particular signals a very difficult task: experiments always need to be
interpreted. If experimentalists should infer microscopic properties by looking at
macroscopic spectral features, theoretical modeling allows to proceed in the oppo-
site direction: microscopic quantum mechanical properties of the system are input
parameters for the simulation of spectroscopy, and the matching between simulated
and measured spectra confirms the accuracy of the micro-world’s description, and
allows to precisely identify the microscopic origin of observed signals. As an ex-
ample, the ability to selectively suppress individual degrees of freedom (DOFs) in
computational models of these complex systems, allows for the assignment of mea-
sured features, e.g. in congested non-linear maps.[52] The concerted and synergetic
theoretical and experimental investigation of nature is the only feasible way to ob-
tain robust understanding of microscopic processes, to foresee new phenomena and
to design and control materials having properties of interest.

The outline of this chapter is as follows: first we review some of the most used
experimental spectroscopic techniques in photobiology, which include steady-state
ground state-absorption and excited-state emission, as well as transient non-linear
techniques, like pump-probe and 2DES. Second we outline the key concepts be-
hind the theoretical modeling of these spectroscopic techniques, starting from the
field-matter interaction Hamiltonian and developing the system response to external
electromagnetic fields, incorporated in the so-called system’s response function. A
large part of the foundational work of this field has been developed by Prof. Shaul
Mukamel, and we extensively refer to his book, Principles of Non-linear optical
spectroscopy.|30] We present the main approximations involved in the perturbative
approaches commonly employed for the simulation of non-linear spectroscopy, and
we introduce a recently developed semiclassical method (the PLDM-spectroscopy
approach) that overcomes many of the issues of these approaches.[53|

The PLDM-spectroscopy approach was implemented in collaboration with the
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research group of Prof. David Coker (Boston University, Boston, MA, USA), and of-
fers an exciting starting point from which to explore the development of accurate, yet

computationally cheap, methods for computing nonlinear electronic spectroscopy.



CHAPTER 1

Overview of experimental techniques

Optical (absorption and emission) spectroscopy relies on the creation of excited
states through the absorption of light. We hereafter briefly review the main ideas
behind linear (single interaction between the system and the laser) and non-linear
(multiple light-matter interactions) techniques. All these techniques involve the
presence of a source of electromagnetic radiation, which illuminates a sample con-
taining the system of interest (e.g. some LH complex), and a detector which collects
the outgoing radiation. Very generally, the incident light will be absorbed by the

molecules of the sample if at least the following two conditions are satisfied:

(a) The photon energy of the incoming radiation matches some (electronic) transi-

tions of the molecular system;

(b) The transitions for which we have such an energy matching condition are al-
lowed, i.e. the transition dipole moment matrix element between the starting

state and ending state is different from zero.

Spectroscopic techniques can be classified according to the characteristic of the
radiation source: in particular we distinguish between steady-state and time-resolved
techniques. In steady-state spectroscopy, a sample is continuously irradiated, and
excited states are created and eliminated until a steady-state is reached and their
concentration remain constant. This provides a high sensitivity, and delivers infor-
mation about the energetic positions and probabilities of the observed transitions.

At variance, time-resolved spectroscopy relies on the irradiation of the sample with
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Figure 1.1: Absorption and Emission spectra. (a) Scheme; (b) Spectra. The Stokes shift is
highlighted as the distance between absorption and emission maxima. In the
harmonic model presented in the previous Part of the Thesis, the Stokes shift
is equal to twice the reorganization energy A (as highlighted in (a)).

a light source whose intensity is modulated as a function of time, and is able to pro-
vide kinetic information about the system: pulsed lasers emit flashes of light that
create a burst of excited states whose evolution is monitored with a second beam of

light as a function of time.

1.1 (Linear) Absorption & Emission techniques

Absorption techniques measure the fraction of light absorbed by a sample irradiated
with a continuous-wave beam of light. The absorbed light brings the photoactive
species temporarily to an upper excited state, providing information about the en-
ergy difference between their ground- and excited-states, and the probability for
light absorption to occur, encoded in the recorded absorption spectra (Figure 1.1).

Emission techniques measure the electromagnetic radiation emitted upon deacti-
vation of excited states, providing information about excited-state lifetimes and rate
constants. When the emitting excited states are created by the absorption of light,
the techniques are referred to as fluorescence and phosphorescence, depending on
the nature of the excited state. They are instead referred to as chemiluminescence
when the emitting state has been produced through chemical reactions.

The use of polarized light (either linearly or circularly polarized) allows to selec-
tively look at transitions along specific directions, and can give additional informa-

tion about the nature of the states observed in the spectra.
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1.2 Ultrafast time-resolved spectroscopy

The ultrafast photo-induced events which occur in photosynthetic complexes, such
as energy migration, electron and/or proton transfer, isomerization, internal con-
version, etc., require the use of time-resolved spectroscopy to be studied. In what
follows we will focus in the description of pump-probe (PP) and two dimensional

Fourier transform (2DFT) techniques.!

1.2.1 Pump-Probe spectroscopy

Pump-probe (PP) spectroscopy is the simplest experimental technique employed to
study ultrafast electronic dynamics. In a PP experiment, a fraction of the molecules
is promoted by a first (strong) pulse, called pump pulse, to an electronic excited
state. After a time delay 7, a weaker probe pulse is sent to the sample to monitor
the pump-induced changes in sample absorption. A difference absorption spectrum
(AA) is then obtained by subtracting the absorption spectrum of the sample in the
ground state from the absorption spectrum of the excited sample. This AA spectrum
is recorded for a certain number of time delays 7 between the two pulses, and the
obtained signals are organized along the measured wavelength A at the given time
7, in AA(A, 7) maps. The information contained in AA(\,7) comes from different

processes|54]:

1. Ground State Bleaching (GSB) contributions. The fraction of molecules which
are in the GS after the first pulse interaction is smaller than the total number
of molecules: some of them have in fact been excited by the pump pulse. As
a consequence, the ground-state absorption of the excited sample is less than
that of the non-excited sample, and a negative signal in the AA spectrum is

observed in the wavelength region of ground-state absorption.

2. Stimulated Emission (SE) contributions. The physical process of stimulated
emission is activated when a laser photon induces emission of another pho-
ton from an excited molecule, which returns to its ground state. In PP, the
molecules that have been excited by the pump pulse can undergo stimulated
emission to the ground state when the probe pulse passes through the excited
volume. Stimulated emission occurs only for optically allowed transitions and
produces a spectral profile that resembles the fluorescence spectrum of the

excited chromophore. These signals result in an increase of light intensity at

"When applied to electronic transitions (VIS, near-IR window), we refer to 2DFT as two-
dimensional electronic spectroscopy (2DES).
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Figure 1.2: (a) Energy level scheme and (b) spectrum of a PP experiment, in which a
molecule 1 undergoes energy transfer to a molecule 2. GSB, SE and ESA
contributions of both molecules are highlighted in the spectrum as peaks having
green, red and blue colors, respectively. The total spectrum is represented by
the dashed line.

the detector, corresponding to a negative contribution in AA, which sum con-
structively with the GSB signals. In many chromophores the Stokes shift may
be so small that SE and GSB bands merges into one single band.

3. Ezcited State Absorption (ESA) contributions. The molecule’s excited states
populated by the pump pulse can be themselves excited to optically allowed
higher-lying states by the probe pulse. A positive signal in the AA spectrum

is then observed.

4. Product Absorption contributions. These signals appear when the excited
molecular states evolve, populating new transient or long-lived (product) molec-
ular states. The probe induced absorption of states which were not present
when the pump pulse illuminated the sample, appears as a positive signal in
the AA spectrum.

The AA spectrum is measured in the following way|54]: for every time delay
7, signals of a “pumped” and an “unpumped” sample (Lumpea(A) and Lympumped(A)
respectively) are recorded, averaging the result over multiple shots to reduce the
signal to noise ratio. From the average values of Ipumped(A) and Iunpumped(A), an

absorbance difference spectrum is constructed as

AAA) = —10g (Lpumped(A) / Lunpumped (X)) (1.1)



1.2 ULTRAFAST TIME-RESOLVED SPECTROSCOPY 82

/ dw1
0

dd

dew qg

yoid g

w3

Figure 1.3: Pictorial representation of the relation between PP and 2DES; related to the
same energy level scheme displayed in Figure 1.2. Note how the spectral feature
labeled as ESAY, clearly visible in 2DES, is instead difficult to be discerned in
PP, as it overlaps with other signals.

This procedure is repeated for the wanted number of time delays 7, and the
entire AA(\, 7) is collected.

As typical photophysical and photochemical reactions of photosynthetic pigment
protein complexes take place on timescales ranging from tens of femtoseconds to a
few nanoseconds, the control over the time delay 7 between pump and probe pulses
and over the pulses duration is of the utmost importance. Experimentally, laser
pulses as short as 5 fs have been introduced in transient absorption spectroscopy|55,
56]. Having very short laser pulses allows to follow extremely fast phenomena, but
at the cost of a reduced spectral selectivity, as the time-bandwidth product relation
AvAt = const prohibits the spectral bandwidth Av to be arbitrarily small.

Finally, it is possible to control the polarization of the laser beams, which can

provide additional information about the exciton migration processes.
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1.2.2 Two dimensional Electronic Spectroscopy (2DES)

The two dimensional Fourier transform spectroscopy approach is an extension of the
previously presented PP technique: if in PP the evolution of the initially excited
sample is monitored over a frequency (detection energy) and a time axis (delay be-
tween pump and probe pulses), in 2D spectroscopy one resolves the same signal over
an additional coordinate, namely the excitation energy. This improvement reveals
connections between optical excitations at a given frequency and the signals they
create over a wide range of frequencies, untangling possible overlapping signals and
eventually giving a direct view of the (potentially) multiple molecular transitions

that contribute to a given detected signal.
How can this substantial improvement be obtained?

As we have seen before, the trade-off between time and frequency accuracy (the
shorter the pulse the larger the bandwidth) seems to forbid the identification of the
initially populated excited states, especially when a high time resolution is required.
For instance, a 10-fs gaussian-like pulse with a center wavelength of 800 nm, has a
spectral bandwidth of about 100 nm (in this wavelength region) at FWHM (full-
width at half maximum), which covers multiple transitions in, e.g., Light Harvesting
complexes 2 of several photosynthetic bacteria. This trade-off is circumvented in
2D spectroscopy by introducing an additional pump pulse, with a controlled time
delay with the other pump pulse, and reconstructing the signal using the Fourier
transform methodology.[57] The first pulse excites the molecules having resonant
transitions under its bandwidth. This sets in motion the electron charges of these
molecules, which then oscillate at their natural (Bohr) frequencies during the time
period t;. The second pulse interacts with the sample exactly after the time delay
t1, and depending on this time delay and the oscillation frequency, it enhances or
suppresses the oscillation set in motion by the first pulse (in the same way that a
second push of a swing can make it go higher or stop it altogether). This operation is
repeated for several pump interpulse delays, and the excitation axis is recovered by
Fourier transforming the oscillating signal along the ¢; axis. This explains how the
result can have both high temporal and spectral resolution, being therefore limited
only by the signal-to-noise ratio.

The radiated signal, obtained as a result of the interaction with the three laser

pulses (Figure (1.4)), is a function of the three interpulse time delays, i.e. E(ty,t2,t3)?.

2 Another commonly used notation for denoting these three time intervals is: 7 = t, T = to,
t=13.
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Figure 1.4: Pictorial representation of a third-order nonlinear spectroscopy experiment.
The signal is emitted in the direction of the sum of incoming wave vectors.
The geometry of the incident pulses can be arranged in different setups: fully
collinear (all the pulses are in the same direction), partially noncollinear (the
first two pulses are collinear) and fully noncollinear or BOXCARS setup (the
one represented here).

The excitation-detection frequency correlation map is calculated by applying, for
each time t,, the Fourier transform along ¢, and t3, so that E(t1,t,t3) — E(wy, ta, ws3)?.
In real experiments, only the w; is obtained by an explicit Fourier transform over the
scanned time delays 1, while the detection frequency axis is typically obtained via
a heterodyne-detected frequency-domain measurement of the signal, in which the
Fourier transform is effectively performed by the spectrometer. In the heterodyne
detection mode, the signal field interfere with a local oscillator field which amplifies
it and enable the extraction of the complex signal field|58], collecting both phase
and intensity information.*

Figure 1.4 shows also that the laser pulses approach the sample from (poten-
tially) different directions, as expressed by the fact that each electric field carries
a wave-vector (ki, ko and ks for, respectively, the first, the second and the third
pulses). The signal is therefore observed only in determined directions, the so-
called phase-matching directions specified by all possible combinations of incident
field wave-vectors, +kq + ko + k3. Two different phase-matched signals are typically
recorded in 2DES spectroscopy, along the directions —k;+ks+ ks and +k1 —ko+ ks,
called the rephasing and nonrephasing signals, respectively. Double-quantum coher-
ence experiments look instead at the phase-matching direction +k; + ks — k3. By
adding rephasing and non-rephasing signals one obtains absorptive spectra, which

gives the maximum information from 2D experiments and facilitates the physical

3Excitation and detection frequencies are therefore specified by w; and ws axis respectively. We
will also use the notation wege and wyet.

4 At variance, in PP experiments it is possible to measure only the signal intensity, thus accessing
at a reduced information content of the signal.
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interpretation of the measured spectral features|57]. The possibility of looking at
different signals in specific phase-matching direction, not only allows to separate
them, but also to record signals in background-free conditions (at least in some of
the pulses geometries), considerably enhancing the signal-to-noise ratio.

The signals that are measured in 2DES experiments can be summarized in the
same categories listed above, i.e., GSB, SE and ESA®. The difference here is that
no physical switching (on and off) of the pump signal is performed, but rather it is
the sequence of the two pump pulses that brings some of the excited molecules back
to their ground states in GSB signals. We note that these two approaches are not
exactly equal, as possible dephasing and intra-molecular vibration can take place
during the time ¢;, inducing dynamical features in the 2DES measured GSB signals.
We also note that the convention of the signs of the various contributions in 2DES
is usually the opposite of that of Pump-Probe experiments: GSB and SE signals are
positive, ESA (and product absorption) are negative.

We note here that PP experiment can be obtained from 2DFT measurements
through the integration of the obtained signal along the w; coordinate (Figure 1.3).
This correspond to a situation in which the time delay t; between the first two
interactions is set to zero. The projection-slice theorem of multidimensional Fourier
analysis|57] gives the needed mathematical expressions to extract 1D time-resolved

experiments (e.g., pump-probe) from 2DFT measurements.

1.2.3 2DES: information content

How should 2DES maps be interpreted?

For every given time ¢y a two dimensional plot having excitation and detection
frequencies (or wavelengths) axes is examined, as shown in Figure (1.5). Two types
of peaks are distinguished: diagonal peaks at (Weze = Wyet), that mirror the linear
absorption spectrum and thus highlight the transitions between the ground-state
and the states of the first excitation manifold; and cross-peaks (wWeze # Waet), lying
outside the diagonal, which can have different origin and disclose different processes.

At ty = 0, cross-peaks give valuable information about excitonic coupling be-
tween transitions, while they reveal energy transfer pathways when growing along
increasing waiting times (t2 > 0) (24). Negative peaks (on both diagonal or off-
diagonal positions) can demonstrate the presence of ESA signals, and the appearance
of new negative features at increasing waiting-time ¢, can indicate the production

of new states through, e.g., energy transfer or internal conversion. Recorded oscil-

5Product absorption signals can be included in the ESA category.
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Figure 1.5: Schematic illustration of the information contained in absorptive 2DES. The
shaded regions are outside the excitation and detection pulse bandwidth. (a)
The t2 = 0 map reveals excitonic coupling, ESA features, together with ho-
mogeneous and inhomogeneous line widths. (b) At t2 > 0, the progressive
broadening of peaks in the antidiagonal direction reflects spectral diffusion.
Growing of cross peaks indicates energy transfer, while the appearance of en-
tirely new peaks at later waiting times, such as the yellow cross-peak in panel b,
represents the formation of a new product species D, populated upon excitation
of B'. Figure taken from ref. 59.

lations of the diagonal and cross-peaks along t, reflect electronic, vibrational and
vibronic coherences. The interpretation of the physical origin of such oscillations and
their possible importance for photosynthetic energy and charge transfer is currently
subject of intense debate.[35, 60, 61|

The line-shapes of the measured transitions contain information about the in-
teraction of the electronic states with the surrounding environment: the ratio of the
diagonal to anti-diagonal widths is known to reflect the degree of inhomogeneous
versus homogeneous broadening (see Appendix, Section 4.1).[62, 57] At longer ¢,
delays, the so-called spectral diffusion of inhomogeneously broadened transitions
is observed, as the system-bath interaction erases the memory (correlation) of the
initial excitation frequency. The initially diagonal elongation of these peaks is grad-
ually lost, and the timescale of this memory loss provides microscopic understanding
of e.g. liquid dynamics and solvation|[62, 63].

2DFT techniques can also be applied with polarized pulses, adding transition
selectivity and providing additional information. Among the possible refinements
and frontier pursuit by 2D spectroscopy we mention: its application in the UV

window, promising new structural probes of conformational dynamics, energy and
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charge transfer in biological systems|64]; the advent of chiral 2D, employing chiral
control of the pulses[65]; the development of mixed-frequency techniques that com-
bine pump and probe pulses at different windows of the electromagnetic radiation;
the development of single-molecule 2D spectroscopy.

Despite the high density of information contained in 2DES maps, the overlap of
spectral features originating from many different processes make their interpretation
highly non-trivial: the analysis requires some pre-knowledge of the system compo-
nents and relaxation dynamics, and this can lead to strongly biased understanding of
the observed data. It is therefore necessary to support experimental measurements

with theoretical modeling.



CHAPTER 2

Theoretical Methods for Spectroscopy

Theoretical methods are an effective tool to achieve a microscopic understanding of
the processes activated when light impinges on a system of light-sensitive molecules.
From a purely theoretical point of view, the problem is summarized within the

field-matter Hamiltonian

H=Hy+ H'(t) (2.1)

where Hy is the matter or molecular Hamiltonian, described in the previous Part of
this Thesis, and H represent the interaction term between the external electromag-
netic field and the system of molecules. The semiclassical treatment of the molecular
coupling to the radiation field is usually employed, for which the quantum molecular

system interacts with a classical field:
H'(t) = —p- E(r,t) (2.2)

In the previous equation fi is the dipole operator of the QM system, and E(r,t) is
the incoming field.

Solving the time-dependent Schrédinger driven by the Hamiltonian of Eq. (2.1)
would in principle return all the properties of the field-matter interaction problem.
The various types of spectroscopy experiments would then be obtained by computing
the macroscopic polarization induced in the sample by the external field, which is the
source of the radiated signal. This brute-force approach is generally unaffordable.

Therefore, time-dependent perturbation theory is usually applied to tackle this

88
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problem, where the n-th order perturbative expansion in terms of H'(t) represents
a situation in which the electromagnetic field E(t) has interacted n times with the
sample. Different orders of the perturbative expansion then give rise to different
kinds of signals, and we will focus on first- and third-order signals.

A density matrix approach is usually preferred to a wave-function based ap-
proach! for the description of the system, since it is the natural formulation of open
quantum system problems. Indeed, in the density matrix formalism it is possible
to include the fluctuations and dissipations processes that occur due to the interac-
tion between the system and the environment. The needed microscopic inputs for a
minimal modeling of system spectroscopy are: the manifold of states and the tran-
sition dipole moments between them, together with a phenomenological description
of the bath induced perturbations. Again, this zero-th order picture can be refined
by considering intra- and inter-molecular vibrations (i.e. the system’s spectral den-
sity), which are responsible for the relaxation and transport processes observed in

the spectra.

2.1 Density matrix

Consider a dimer of strongly interacting molecules immersed in a fluctuating envi-
ronment. The system is excited, and a delocalized exciton is formed. With time,
the interaction between the molecules and the environment tends to destroy the
coherent relation between the two, and to localize the excitation on either one or
the other chromophore. This final state of the system, in which the excitation can
be on either sites with a certain probability, cannot be described by a wave function,
and therefore calls for a more advanced description, a density matriz description.
For an isolated quantum system, a pure state containing all the information
about it can be defined, e.g. through a wave-function [¢)). An equivalent way of

describing it, is through its density matrix, defined as
pE) = [ () (W) = Y 5 (t)ealt) |a) (bl (2.3)
ab

where the set of |a) states represents an arbitrary basis on which the wave-function
|1(t)) is expanded.

For statistical ensembles of states, or non-isolated systems, it is impossible to
define a pure state, i.e. a state that completely incorporates all the knowledge

about the system, but rather one deals with a set of states |¢;) with probability py

!For a wave-function treatment of the field-matter interaction, see e.g. ref. 66.
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(3", k= 1) to be observed. The density operator of this mizture of states reads
A =D pr [i(t)) (n(t)] (2.4)
k
which in the basis set {|a)} can be written

p=>pala) (| (2.5)

Diagonal elements p,, are real quantities called populations, and give the prob-
ability of occupying a quantum state |a); off-diagonal elements py, (a # b), called
coherences, are complex numbers and have a time dependent phase factor that de-
scribe the evolution of coherent superpositions of states.

The name density matrix, derives from the observation that it plays the role of
a probability density. Indeed, the expectation value of a given operator A can be

expressed in terms of the density matrix as
(4) = TrlpA] (2.6)

The density matrix operator satisfies the following properties:

e o' = p (hermiticity);

® pu, > 0V n, as it describes the probability of being in the state |a);

e Tr[p] =1 (normalization);

e Tr[p*] <1 (in general), and it is exactly equal to 1 only for pure states.

If the dynamical equation for the evolution of a wave-function is the Schrodinger
equation, the time evolution of density matrix operator is described by the Liouwville-
von Neumann equation, given by

dp

ih = [H ;3] (2.7)

If H is time independent, the formal solution of this equation is given by
pt) = e i1 p(0)er (28)

and by expanding this solution in terms of the Hamiltonian’s eigenstates, one obtains
constant populations and coherences oscillating at the characteristic Bohr frequen-
cies wyy = (E, — Ey)/h.
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The quantum state of an ensemble of optically driven molecular aggregates in

their environment, is conveniently defined by the density matrix of Eq. (2.5).

2.2 Field-Matter interaction

Consider the field-matter Hamiltonian of Eq. (2.1): assuming the interaction with
the external electromagnetic field to be much weaker than that of the internal fields
of the molecular system, one can treat the interaction term perturbatively.
The formal integration of the Liouville-von Neumann equation (Eq. (2.7)) leads
to? o
plt) = plta) = 5 | dr 1) p(7)] (2.9
0

We can solve this equation iteratively, by plugging it into itself:

& S\ " pt Tn T2
o(t) = p<t0>+2(—%> [ [Can [Can
n=1 to to to

[H (70), [H(To-1), - [H(11), p(to)] - - ]] (2.10)

Since H is not generally small, it is not possible to truncate the expansion and
all the order should be retained for the computation of p(t). What it is small is
actually the interaction term H'(t), and we would like to be able to write a similar
expression as that of Eq. (2.10) in terms of H’'(¢) only. To do that, we introduce
the interaction picture representation® of the density matrix and of the perturbative

term of the Hamiltonian as

pit) = eiMip(t)e i = G (t)(1) (2.11)
Hi(t) = et H (t)e ot = G*(£)H'(¢) (2.12)
where the superoperator G(t) is defined as G(t) e = e~ #50 o ¢! and Hy is here

the non perturbative part of the field-matter Hamiltonian, i.e. the molecular Hamil-
tonian.
In terms of these newly defined operators, the dynamical Eq. (2.9) can be rewrit-

ten as

L dp /
md—tf = [H}, p1] (2.13)

which is formally equivalent to original Liouville-von Neumann equation. Therefore,

2To simplify the notation, we will from now on discard the hat & on the top of operators.
3See e.g. ref. 66.
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the expansion presented in Eq. (2.10) holds also for p — p! and H — H’, and it

0o i\ "™ t . -
pilt) = pI(to)—i-Z(—i—i) [an [“ani [Can
n=1 to to to

[Hy(70), [Hy(To-1), - - [H}(11), pr(to)] - - ]] (2.14)

reads

The density matrix at time to, p(to), is the equilibrium density matrix prior to
any field interaction, and we can safely assume that it does not evolve in time when
subject to the system Hamiltonian Hy. By applying the superoperator G on both

sides of the equation, this expression is then rewritten as

o) = G(t)pf(t0)+§; (—%) /t:dm /t Y /t i (2.15)

(G(t = ) H'(7), [6(7 = Tt} H' (Tact)s .. [6(7) H'(71), plto)] ... ]

The Hamiltonian H'(t) is a perturbation, and we can therefore truncate the
series of integrals, obtaining the perturbative order by order expansion of the density

matrix. The density matrix to the n-th order in the external field perturbation reads
p(t) = pO(to) + oV () + pP (1) + -+ p" (1) (2.16)
and p™(t) is given by
pM(t) = (——) / dTn/ dT,_1- / dm (2.17)
to t() to
G(t — 1) H'(70), [G(T0 — a1 ) H (Taz1), - - - [G(T0) H' (11), p(t0)] - - . ]

By sending ty — —o0, Eq. (2.16) becomes
p(t) = pO(=o0) + ) p™(t) (2.18)
n=0

2.3 The (Mukamelian) Response Function Approach

When an external electromagnetic field impinges on a sample of light-sensitive
molecules, the charges of these molecules start to vibrate with characteristic (Bohr)
frequencies, i.e. the field produces a time-dependent polarization of the sample.
This time dependent polarization is the source of new field, which may interfere

with the incident field and give rise to the measured signal of spectroscopic experi-
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ments. The induced polarization of the considered ensemble of molecules is therefore
the quantity of interest for the simulation of spectroscopy. The n-th order polariza-
tion induced by the perturbing field is given by the expectation value of the dipole

operator, as
PU(t) = Tr [up™(t)] (2.19)

Combining Eq. (2.19) with Eq. (2.17) and specifying the form of the perturba-
tion as in Eq. (2.2),i.e. H = —p - E(t), we obtain

P (3) [ faer [

E(t —t)E{t —ty —tp_1)...E(t —ty —tnq — -+ —11)
Tr [AG(t,)w* G(t,—1)p™ ... w*G(t:) " po]

(2.20)

where py is the equilibrium density matrix, u* e = [, e] is the dipole super-operator,

and we have changed variables.*

2.3.1 Linear Polarization

The linear (first-oder) polarization is connected to the incident radiation field through

the linear relation

PO (1) = / dty RO () E(r, t — 1) (2.21)
0

RW () is the so-called (first-oder) system response function and contains the infor-
mation of the first-order perturbed system. According to Eq. (2.19) and Eq. (2.21),
together with the definition of p™ from Eq. (2.17), R (¢;) can be written as[30]

RO = (3) 77 (6 ) 2.22)

where py is the equilibrium density matrix (i.e. the density matrix prior to any field

interaction). This equation reads in the following way:

1. Start from the the equilibrium density matrix py;

2. Interact once with the laser via the dipole superoperator p*;

i = 0,t1 =719 — 71, tg = T3 — T2, ..., t, =t — 7,. We can choose 71 = 0 since the time-zero
point is arbitrary.
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3. Evolve the perturbed density matrix® according to the field-free molecular

hamiltonian H for a time t;

4. With this perturbed and evolved density matrix, compute the first order

macroscopic polarization;

The expression for the linear polarization given in Eq. (2.21) will be connected

to the ground-state absorption spectroscopy in the following Sections.

2.3.2 Third-order Polarization

Similarly, the third-order polarization reads

PG /dtg/ dtg/ dt; R (ts, to, t1) X

T t—tg ’l” t— t3 — tg)E('I" t —tg — 1y — tl) (223)

where the third-order response function, R®)(ts,ty, 1), is given by[30]

RO(ts, tg, 1) = (%) Tr [fuG(ts) ™ G(t) i Gt ) ™ o) (2.24)

The interpretation of Eq. (2.24) follows from that presented for R(¢;): three
interactions (denoted by ) with the incoming laser field, three field-free propaga-
tions by means of G(t), and the signal generation described by the last dipole 1. The
third-order induced polarization is obtained by combining the computed response

function with the incoming laser fields, specified by

Z Z E (t — 7)exp [iu; (kjr —w; (t —7))] (2.25)

where E}” (t — 7) is the complex envelope of the pulse, centered at time 7, and
the fields have carrier frequency w and wavevectors k. The positive and negative
frequency components of the fields are specified by u = +1 and © = —1 respectively,
and [£5] = [E]"

Some sensible considerations allow to simplify Eq. (2.24), untangling many dif-

ferent contributions:

°In is important to notice that the dipole operated density matrix, i.e. [f1, go] is no more a
density matrix, as it does not satisfy some of its fundamental properties, e.g. Tr[p] = 1. The
complete time-evolved density matrix (unperturbed plus first order perturbed) is actually given
by G(t1)po + G(t1)Vpo . Since T'r [(1G(t1)p0]=0, the result obtained by including or excluding this
piece is the same, which implies that evolving the complete density matrix or only its first order
perturbation gives here the same result.
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Time-ordering: we assume that the pulses are temporally well separated, i.e.
that they are shorter than the time delay between them, and they do not
overlap. This allows to reduce the number of terms that enter in the third-
order response, as the first interaction will occur due to the field with wave-
vector ki, followed by an interaction with the ks field, and finally with the
field specified by ks;

Semi-tmpulsive limat: it is often assumed that the laser pulses are short com-
pared to any time scale of the system, but long compared to the oscillation
period of the light field. The pulses envelopes can then be approximated by

delta functions in time?;

Rotating Wave Approximation (RWA ): molecular frequencies w,, which appear
in the response function are combined with field frequencies +w;. The rotating-
wave approximation retains only low-frequency terms, i.e. wey — w;. The
high frequency contributions wey 4+ w;, which add very small corrections, are

neglected;

Phase-matching: the wave vectors of the three incident fields combine, so
that the generated field propagates in the directions +k; +k, +k3, and a
detector in the experiments can resolve the various contributions by recording
the signal in a chosen direction. There are four independent combinations of

the wave-vectors k, which represent four independent third-order techniques:

ki =-ki+ka+ks ( )
kir =+ky—ko+ks (u,us,u3)
ki =+ki+ky—ks ( ) =
krv =+ki+ka+ks (u,ug,u3)= (1,1, 1)

1

Uy, U2, U3

717 1)
1,1)
-1)

(=
(17
(1,

Uy, Uz, U3

6Tn Part III, Chapters 1 and 3, it is shown that it can be important to remove this approximation
when comparing simulated spectra to experiments performed using realistic (band-width limited)

pulses.
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Let us rewrite Eq. (2.24) by explicitly developing all the commutators, obtaining:

+1'r [AG(t3) AG(t2) AG(t1) fipo] = R
—Tr [aG(t3) pG(t2) pG(t)poft] = Ry
—Tr [pG(t3) AG(t2)G(t1) poft] = R;
+Tr [AG(ts) AG(t2)G(t1 ) pofalt] = R
—Tr [pG(t3)G(t2) aG(t1) poft] = R3
+T'r [aG(t3)G(t2) AG(t1) pofuft] = Ry
+Tr [3G(t3)G(t2)G(t ) po o] = Ry
—T'r [AG(t3)G(t2)G(t) pofrirfr] = R} (2.26)

The terms R}, R;, R;, R; are the complex conjugate of Ry, R, R3, Ry. We can
further develop the various terms of Eq. (2.26) in a simple model in which Hj is
just the system part of a generic system-bath Hamiltonian (Part I, Eq. 3.1). We
assume the system to be described by a ground-state g, the first excitation manifold
of states labeled by e, and the second exciton manifold of states f (Part II, Figure
2.1). The manifolds are connected by the dipole operator p, and we assume that
only transition between g — e and e — f can occur. Therefore, by considering
po = |g) (9| and inserting the completeness relation 1 = )" _|a) (a| (where a runs
over all the states of the system) in between the various operators, the term Ry of

Eq. (2.26), taken here as an example, can be rewritten as

Tr(pG(ts)p (tz)uG(tl)upo]Z

=Y _(dlfle) (el e = pulb) (Bl e = la) (a] e fu|g) (g| et H O |d) =
abed

= 3 g g iy 0120 (g )
abed

S L L T e e O (2.27)
ee’b

where we have also made use of the fact that u,, = 0 (only transitions between
g — e and e — f are allowed). Under the time-ordering hypothesis and by applying
the RWA, we obtain that

1. The only term of the summation over the index b which survives the RWA is
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Figure 2.1: Energy level scheme of a generic system, given by the ground state g, the first
excitation manifold of states e, ¢ and the second excitation manifold of states
f- The transitions between g and f are forbidden.

b =g, and Eq. (2.27) becomes

D Hgerborghgebe e ottt (2.28)

ee!

2. Only some components of the fields (Eq. (2.25)) will produce non null results,
and precisely that specified by wave-vectors +k; and +ks3. This implies that
this signal will be detected only in that specific phase-matching direction,

which in this particular case is the non-rephasing direction.

Similar derivations follows for all the terms of Eq. (2.26), and we can group
them (in the time-ordering hypothesis, under the RWA) in specific phase-matching
directions: the wave-vector dependent response function RSS) (t3,t2,t1) will contain
all the signals produced in the k; direction, with ks = ui ki 4+ usks+usks (the signal
wave-vector).

We focus hereafter on two of the four possible independent choices of u;, namely
the techniques specified by k; and kj;, which correspond to rephasing and non-
rephasing signals. Similar considerations also apply for the double quantum tech-

nique k;;;, while kjy signals vanishes within the RWA.

2.3.3 Feynman Diagrams

When looking at the specific rephasing and non-rephasing phase-matching direc-
tions, one realizes that the RWA acts as a filter for the eight terms of Eq. (2.26):
only three of the eight terms survives in both the techniques, and these represent

different physical processes (GSB, SE and ESA) that can occur when the sequence



2.3 THE (MUKAMELIAN) RESPONSE FUNCTION APPROACH 98

k[:—kl—l-kg-l-kig kII:+k1—k2+k3
g g g 9 e e g 9 g 9 e e
e g e g f e ts e o] e g f e
g g e e e e t2 g g e e e e
9 e ¢] e ¢] e t e 9 e 9 e 9
™~ ~ ™~
[¢] ¢} ] ] g [¢] [¢] ¢] ] 9 g 9
GSB SE ESA GSB SE ESA

Figure 2.2: Feynman diagrams for rephasing (left) and nonrephasing (right) phase match-

ing directions. Ground-state bleaching (GSB), stimulated emission (SE) and
excited state absorption (ESA) diagrams are distinguished (applying the time-
ordering prescription and rotating wave approximations).

of laser pulses impinge on the system. These resonant terms of the third-order re-

sponse function are usually interpreted using Feynman diagrams, showed in Figure

2.2. Feynman diagrams are simple schematic representations of selected terms of

the third-order response function, and they manifest in a pictorial way the physical

processes which lie behind the equations.

Given a Feynman diagram, it is possible to built the corresponding response

function (e.g., RES4) following the rules that translate diagrams into equations:|[67
kr

1.

The two vertical lines represent the time evolution of the ket (left) and bra
(right) of the density matrix. Time flows from the bottom to the top. The

system is assumed to start from the equilibrium density matrix, given by
po = 1g) (gl-

Interactions with the field are represented by arrows, acting either on the left
or on the right, which change the state of the corresponding density matrix

element (ket or bra, respectively).

An arrow pointing to the right represents the positive frequency field com-
ponent e~ while an arrow pointing to the left represents the negative
frequency field component e*®!=%*7  The emitted light (represented by the
last outgoing arrow), has frequency and wavevector determined by the sum of

the input frequencies and wavevectors (considering the appropriate signs).

Each diagram carries a sign (—1)", where n is the number of interactions from
the right. This comes from the fact that each time an interaction occurs from

the right, the negative term of the commutator u* is being considered. Since
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the last interaction is not part of the commutator, it is not counted in this
sign-rule. By following these rules, one realizes that GSB and SE diagrams

have a positive sign, while ESA diagram have a negative sign.

5. Arrows pointing towards the system represent a photon absorption, accompa-
nied by a molecular transition to a higher energy state of the corresponding
side of the density matrix; arrows pointing away represent a photon emission
and a transition to a lower-energy state. This rule follows from the employed
RWA. Since the last interaction corresponds to an emission of light, it always

points away from the system.

6. The last interaction must end in a population state (as the final trace operation

filters only diagonal terms).

During the intervals between the interactions (1, 5 and t3), the density matrix
evolves freely, i.e. according to the molecular Hamiltonian Hy. During ¢; and #3
the system is in a coherence state, while during ¢5 it is in a population state. In
absence of transport, the density matrix elements can only change by interacting
with the field. We will remove this restriction towards the end of the chapter,
by introducing response function terms (and correspondent Feynman diagrams) in
presence of exciton transport.

What was introduced in the experimental spectroscopy Chapter (Chapter 1), is
here understood in terms of the microscopic description of the interaction between
the incident field and the density matrix of the considered ensemble of optically

driven molecules.

2.3.4 RW & Spectroscopy: Phenomenological Dephasing

Here we connect the linear absorption spectrum with the first-order response func-
tion of Eq. (2.22). For simplicity we consider the molecular Hamiltonian Hy to
be given by only the system (electronic) part, while adding the effect of vibrations
phenomenologically, as a source of signal dephasing.”

RW(t,) can then be expanded in the eigenstate (exciton) basis, resulting in

7 )

"This phenomenological dephasing term can be introduced as a dissipative term in the Liouville
von Neumann equation (Eq. 2.7), which describes the decaying of signal coherence as an effect of
the interaction with the environment.
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Figure 2.3: (a) Response function R (¢) and (b) absorption spectrum A(w) in the case
of phenomenological dephasing. wey = 5000cm 1, Yeg = 40cm~!. Note that
the Lorenzian shape of the peak in (b), symmetric with respect to weg.

where we assume the equilibrium density matrix py (the state of the system prior to
any field interaction) to be in the ground state population |g) (g], wey = (ec — €4) /R,
and the exponential rate 7., to be the phenomenological dephasing constant.

In the ground-state absorption, the transmission of the incident laser beam is
measured. The detector reveals the net optical field, which is the result of the
interference between the incident field, Fy, and the field produced by first order
polarization induced in the sample, EM). The intensity of absorption is given, by
the attenuation of the incident field intensity Iy while traveling through a sample of
thickness L (the Beer-Lambert law), as

I = Iyexp(—A(w)L) (2.30)

We can rewrite the ratio I/I, by exploiting the fact that the intensity of an

electromagnetic radiation is proportional to the square of the electric field, so that

I |Bofw) + EOW)[* | 2 (Bo(w) BV (w))
I | Eo(w)[* B | Eo(w)|*

(2.31)

where we have discarded the |E(1)(w)|2 term since it is much smaller than the in-
cident field Fy. The absorption spectrum A(w) is the logarithm of this expression
(Eq. (2.30)), which in the small signal limit gives®

2R¢ (Eo(w) EM (w))

A T )P

ox —2%Re (EV(w)) (2.32)

In the last step we have made use of the fact that the laser pulse is a d-like func-

tion, whose Fourier transform is constant in frequency. Since EM(w) = —iPM(w)

8log(1 + x) ~ x for small values of .
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we obtain

A(w) oc 20m (PYW)) = 3 |, = wZ:§2 o (2.33)

The absorption-spectrum is then a sum of transitions centered at w4, having Loren-
zian line-shapes whose widths are governed by the phenomenological dephasing co-

efficients 7e,.

2.3.5 R®) & Spectroscopy: Phenomenological Dephasing

Similarly, the third-order signals are obtained from the third-order induced polar-
ization. In the heterodyne detection mode, the field exciting the sample is mixed

with a local oscillator field, and the signal is thus obtained as:

+o0
S,i3> (ta ta, t1) = / dt Py, (1) EZ (t — 7,) €)=

s
o0

—+o00
_ / dtPy, (t+ 7)) E7 (1) et (2.34)

[e.e]

and it depends parametrically on the time intervals t3 = 74 — 73, to = 73 — 7 and
t1 = 1o —7. EX (1) is the local oscillator field envelope used for heterodyne detection.

Let us consider the signal produced by, e.g., the stimulated emission in the non-
rephasing direction. In the semi-impulsive limit S,(i) (t3,t2,t1) = RS;) (t3,t2,t1)?, and

for the non-rephasing SE diagram we have:
i3
Sgﬁ(t3’ ta, tl) - (ﬁ) Z Hger HegHergHge X
P (_iwegtl — Werety — iw@'gt?) - 769t1 — Yerela — 76’9753) (235>

Focusing for simplicity on ¢t = 0, and on the pathway e = ¢/, we perform the

Fourier transform along t; and t3. The FT along t; (f;° dte™"te="est1e™ea!) gives

SEIEI(tg, tg,wl) X1

’}/eg — 'l (U)eg - wl) e—wegt3€_t3’yeg (236)
Veg t (Weg — w)’

9This result is obtained by using J-functions pulse envelopes in Eq. (2.34) and Eq. (2.23).
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Figure 2.4: Rephasing (ks), Nonrephasing (k) and Absorptive (k;+kj;) maps at to = 0,
obtained as contour plots of the functions specified by Eq. (2.38) and Eq.
(2.39).

and that along t3 returns

S;SIEI(W?);tQ,CL)l) X 1 /76g _Z(weg _wl)]

_'7629 + (Weg — w1)2

Yeg — i (Weg — w3)
762g + (weg - w3)2
’Yng — (Weg — w1) (Weg — w3)

+i...
L [7329 + (weg - Wl)Q} [7629 + (weg - Ws)ﬂ

(2.37)

The measured signal has both Pe and Jm parts (which is, as we have already
said, one of the strength of the 2D in heterodyne detection mode). Considering the

Jm part of SgF(ws, b2, w1) we have

%Qg — (Weg — wi) (Weg — w3)

Jm [SPE (ws, ta, wy)]
[ k”( o 1)] [’Ye2g + (weg - Wl)z} [7829 + (wey - w3)2}

(2.38)

We note that this expression can be both positive or negative according to the
values (wy,ws) and the strength of the phenomenological dephasing parameter ~.,,
as both absorptive and dispersive contributions are present.|[67]

Something similar happens for the rephasing SE signal, whose imaginary part

then reads:

'Ygg + (Weg + w1) (Weg — w3)
[739 + (weg + W1)2:| [735] + (weg - W3)2:|
We note that the sign of w; is the opposite of that of the corresponding non-

Jm [S;EIE(CUg,tQ,wl)] X (239)

rephasing signal, since the coherence during t; is reversed. This contribution can

also assume both positive and negative values. The different sign of w; produces a
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different phase twist for S,(i)l and S,(S), as shown in Figure 2.4.[67]

By summing rephasing and nonrephasing contributions, and inverting the sign of
the wq-coordinate of the former, one obtains (quasi-)absorptive spectra through can-
celation of the dispersive components!?, which gives the highest frequency resolution

and allows for a simpler physical understanding of the signals of 2D experiments.[67]

2.3.6 R & Spectroscopy: Line-shape functions

The role of the environment in the simulation of spectroscopy has been introduced
in the previous Section as a source of signal dephasing, which causes an exponential
attenuation of the coherence over time. The microscopic model of the bath of vi-
brations coupled to the electronic states of the studied system have been introduced
in the previous Part of the Thesis (Part I, Eqs. (3.2-3.4)). In particular the spec-
tral density was presented as a key quantity for summarizing the properties of the
system-bath coupling. Here we develop the cumulant expansion of gaussian fluctu-
ations (CGF) as a mean to describe the effect of the environment on the transition
line-shapes, beyond the phenomenological treatment.
We first of all note that R (¢;) can be rewritten as

?

RO(t) = <ﬁ) Tr [aG(t) 1™ po)

. 0 o A i
fLex (—ﬁHh) (BP0 — pofr) exp (ﬁHtl)}

P
) A 1 R .
exp (ﬁHﬁ) fLexp (—ﬁHtl) (Bpo — POM)}

- (%) [3(t1) — I (1)) (2.40)

where ((t) is the dipole operator in the interaction picture, J(t) = T [f(t)f£(0)po] =
(L (t)[(0)) is the two-point dipole correlation function, and the symbol (e) indicates
the equilibrium statistical averaging over the bath!!. Note also that J(—t) = J*(¢).

Let us consider the simple case of a single molecule with two electronic states,
namely the ground state |g) and the excited state |e) which are coupled to nuclear

coordinates Q. The (adiabatic) Hamiltonian of the complete system can be written

10Pyrely absorptive maps are obtained for uncoupled states, while for coupled systems only a
partial cancellation of the dispersive contribution is reached.
1Tn the derivation we have made use of the property Tr [ABC| = Tr [CAB] = Tr [BCA].
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H = Hy(Q)19) (9] + H.(Q) ) {e] (2.41)

where Hy(Q) = &, + V,(Q) and H.(Q) = & + V.(Q). One can for simplicity
think of the previously introduced displaced harmonic oscillator model, but the
form of V,(Q) and V.(Q) is completely general. We assume here that the full
(nuclear and electronic) initial density matrix py can be factorized in system and
bath components, so that po = |g) py (g|. The electronic part of gy is given by the
ground-state population |g) (g|, while p, is the nuclear density operator, which at

thermal equilibrium, reads:

g = —OP(=AVy)
7 Trpexp(—BV,)

(2.42)

In the Condon approximation the dipole operator i does not depend on the
coordinates @, so that it can be factored out the averaging procedure. We can thus

rewrite J as:

X i i
J(t) = |fige|” (exp (ﬁHgt) exp (—ﬁHet) Pg)
. . (2.43)

N . 1 (4
= |fige|” exp (—iweyt) (exp <ﬁ%t) exp (—ﬁVet> Pg)

where hw,, = &, — &;, and the angular brackets represent the average over the bath
DOFs. The trace can be calculated by employing a complete set of GS vibrational

states (|v)), obtaining
I e A i i
J(t) = |fiegl e ;P(ev)exp <ﬁevt) (v]exp (—FLVet> |v)
freg |2 st Z P(e,)exp (%eﬁ) (vlv(t)) (2.44)

where P(€,) is the Boltzmann probability for the bath to stay in state |v), €, is the
(vibrational) energy of |v), and (v|v(t)) is the time dependent overlap between the
wave-packet (v| on the GS and the wave-paket |v(t)), moving on the ES surface, as
schematically depicted in Figure 2.5.

Instead of describing the time-dependent overlap of Eq. (2.44) in term of the ES
hamiltonian H,, it is convenient to take the ground state PES as a energy reference,
and rewrite the state propagator exp (—%Vet) in terms of the energy gap fluctuations.

The connection with the spectral density will become apparent soon.
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v

Q

Figure 2.5: Pictorial representation of the evolution of the wavepacket |v) on the ES PES.
Note that at ¢ = 0, after the field interaction, the wavepacket |v(0)) has unitary
overlap with the wavepacket in the GS (the Condon approximation).

Let us define the energy gap between the two PES as
be=Ve -V, = V.=06.+V, (2.45)

Since we want to take V; as a reference, we express the evolution of ¢, under the

ground state dynamics as
So(t) = eVolg e Vol (2.46)

Making use of the time ordered exponential we have'?

, : .t
exp <_%‘/;3t) = exp <_7Z_”’ngt> exp,. (—%/ dt's, (t’)) (2.47)
0

and J(t) becomes (in the Condon approximation)

—w ~ i ‘ ! /
J(t) = e egt|lu69|2 <exp+ |:_ﬁ/ dt'o. (t )}>
0
_ et i 2 D() (2.48)

12The time-ordered exponential of J.(t) is defined as

. t o0 s n t Tn T1
exp, (-2/0 dt's, (t')) = ({) /0 dTn/O dTn,l-.-/O 716 (70)0e(Tn1) - . .60 (T1)
n=0

The expression presented in Eq. (2.47) can be understood by noticing that: first, given two
operators A and B, the property exp(A + B) = exp(A)exp(B5) does not hold in general, but only
in the case [A, B] = 0. Second, Eq. (2.47) can be proven if one consider, order by order, the result

of applying the derivative U‘l%‘ +—o ® both the left and right-hand side of the equation, making use

of the property %exp_ (—% fot dt'd, (t’)) =0 (t)exp, (—% fg dt’d, (t’)).
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Figure 2.6: (a) Comparison of absorption spectra obtained with: (red) lineshape functions
for an overdamped brownian oscillator model (Part I, Eq. 3.27), and (dashed
black) employing a phenomenological dephasing model (same parameters of
Figure 2.3). Note that the OBO model allows to describe asymmetric peak
shapes. (b) Vibronic spectra obtained within the lineshape function approach.
This allows to describe high frequency vibrations and strong system bath cou-
pling. Different curves refer to the same mode with frequency w,;, but different
coupling to the electronic transition (i.e. different Huang Ryes factor S): S =0
is represented by the red curve, S < 1 by the green curve, and S > 1 by the
blue curve.

Now we make a step forward by expanding D(t) in orders of J., performing the

so-called cumulant expansion.

D(#) ~ exp {—% /0th1 / in / drs (0.(m)0u(m)) .. | (2.49)

The first order term can be set to zero without loss of generality. The expansion is
usually truncated at the second order, which is an exact result for baths characterized

by gaussian fluctuations|30].
We define C(t) as
C<t) = 39 <5e<t>56<0)> (25())

/d@/ dr.C (1) (2.51)

which is the second term of Eq. (2.49).
The connection between Eq. (2.50) and the spectral density defined in the pre-

and g(t) as

vious Part of the Thesis is now apparent. We can finally rewrite J(t) as

J(t) = |fieg|? e oot 790 (2.52)
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which leads to a higher level description of the absorption spectrum (with respect
to that obtained by employing the phenomenological dephasing parameter ~, Eq.
(2.33)) given by: N
Alw) 9%/ dtel@=wea)t=9(t (2.53)
0

The function ¢(t) is called line-shape function and it takes into account the effects
of the bath on the system. The absorption spectrum obtained employing the phe-
nomenological dephasing (with its characteristic Lorenzian shape of the transitions)
can be recovered here in the limit g(¢) = y¢.!3

The line-shape function here introduced for a simple two-level system, can be
generalized for an arbitrary system of interacting molecules. The derivation follows

the one presented above, but two important differences should be underlined

1. The system is conveniently described by exciton states. This implies that
quantity previously derived in term of site basis (e.g. the correlation function
of Eq. (2.50)) should be rewritten in the exciton basis. As an example, the
energy fluctuation of an exciton |a) = ), A, |i), is connected to the site
energy fluctuations as

Calt) = 7 (0 (10, (0)) = 25 S leal (B.(05.0)) (259
B2\ ca o n2 L

which connects exciton (diagonal) fluctuations with site fluctuations.

2. The system-bath coupling part of the Hamiltonian in the exciton basis is non
diagonal, which implies that not only the diagonal (energy fluctuations) terms
of Eq. (2.54) should be considered, but also the additional off-diagonal terms.
These terms are responsible for the bath induced transport between excitons,

and we will describe their effect in the next Sections.

2.3.7 R® & Spectroscopy: Line-shape functions

We can similarly introduce line shape functions for the third-order responses. First

of all, the four-point dipole correlation function is introduced as|68§]

F (74,73, 72, 71) = (f(72) 1(73) 1(72) f1(71)) (2.55)

13For bath with gaussian statistics this expression for J(t) is exact.
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Expansion in the exciton eigenstates of F' leads to

F(74, 73, T2, 1) = Z Pabaabach e €XP [~ (WaaTas + WeaTs2 + WhaTo1) + Pacba (71, T3, T2, 1))
abed
(2.56)

where 7,; = 7, — 7; and p, is the equilibrium population of state a. The function
Gdcba (T4, T3, T2, 1) 1s a four-point line-shape function, which takes into account the
effects of inter- and intra-molecular nuclear dynamics. By employing the previously
introduced cumulant expansion, and in the case of harmonic bath models, the ex-
pression of ¢ can be further developed in terms of the lineshape functions g(t),
yielding|68]

— Gaa (7—21)
+ gcb(ng) (257)

¢cbag(7—477_377—277—1) = “Gcc\T43 —gbb(T32)
—geb(Ta2) + geb(Ta3)

(743)
(742)
~9ea(Ta1) + Gea(Ta2) + Gea(T31)
—ea(T32) = Gba(T31) + Gba(T32) + Gba(T31)

The third-order response can be recast by using the four-point dipole correlation

function F' as

‘
h
+ (O t1+t2,t1+t2—|—t3,t1)+
+ F(0,t1,t1 +ta + 13,81 +13) +
—+ F(tl -+ t2 -+ tg,tl -+ tg,tl, O)] + c.c. (258)

R(3) (t37 t27 tl) -

/_\

) F(ty,t) 4+ to, t; +to + t3,0)+

and for each given Feynman-diagram it is therefore possible to specify the appro-

priate combination of line-shape functions. For example, the non-rephasing GSB is

given by:
(GSB) A
RkH (t37 t27 tl) = (7_7,) Z /’l’ge’l'l’e’gl'l'gel'l’eg X (259>

exp [—’iwe/gtg — iwegtl —+ ¢e’geg(t1 + tQ + tg, tl + tQ, tl, O)]

Finally, we note that the terms g, (t) (with a # b) of Eq. (2.57), involve products
of displacements d,d,. This means that, as pointed out in Part I, Section 5.4, the
sign of the displacements has to be considered for the proper description of the

lineshape of simulated spectra (see e.g., the azobenzene study, Part III, Chapter 3).
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2.3.8 Summary

From the computational point of view, the necessary ingredients to simulate spec-

troscopic experiments at the level of the theory here presented, are:

e The energies of the system manifold of states;
e The transition dipoles between the states';

e The spectral density associated to the various transitions.

The major approximations made to develop the line-shape function treatment of

system’s fluctuations through the spectral density are:

e The factorization of the initial density matrix in system and bath components.

e The truncation at the second-order cumulant in the expansion of energy gap
fluctuations. This is not an approximation when considering bath with gaus-

sian statistics.

e The Condon approximation, for which we assume that the dipole operator p

is not affected by the nuclear coordinates.

e The description of diagonal (energy) bath-induced fluctuations only, neglecting

bath-assisted transport processes caused by off-diagonal fluctuations.

In the next Section we discuss some approximate methods to include transport

between exciton states as an effect of intra- and inter-molecular vibrations.

2.4 Transport

Population relaxation has been so far neglected. It can be reintroduced approxi-
mately at various level of sophistication. The zero-order approach assumes bath
fluctuation timescale to be faster than that of all the other processes (bath cor-
relation time 7. — 0), and the Markovian approximation is then applied. More

advanced approaches allow fluctuations to occur in a broad range of timescales.

14 At least between those resonant within the observed spectral window.
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2.4.1 Fast-timescale bath fluctuations

The simplest approach to include transport is that of secular Redfield theory, which
consider the bath fluctuations to be faster than both transport and coherence-
dephasing time. The Markovian approximation is applied to the bath fluctuations
for all the time intervals t;, t5 and t3, and the secular approximation disentangles
the evolution of populations from that of coherences. The time evolution of density

matrix elements is described by

e A Pauli rate equation for populations, which reads

d ee
p ZKeeee’pee (260>

whose formal solution is given by

pee ZGee ee pee ) (261)

K.e e is the population transfer rate from state €’ into e, and Gee e =
[exp (—K1)]

ability of a bath assisted transition e — ¢’ during time t¢.

e ee 18 the population Green’s function, which describes the prob-

e An exponential suppression of coherences governed by the lifetime of the states,

given by
dpere(t)
dt

= [—iwere — Tere] pere(t), € # € (2.62)

with solutions
Pere(t) = exp (—iwe et — Deret) (2.63)

1
2
tion relaxation, while the last term represent the pure dephasing rate, which

where I've = 5 (Keeee + Kerererer) +Yere- The first two terms represent popula-

accounts for all the bath-induced dephasing mechanisms beside the transport.
We note that the secular approximation also implies that coherences evolve

separately, never mixing with each other.

The tensor K. .. satisfies the following properties, that ensure thermal equilib-

rium is reached at long times:
L Kee,ee > 07

o Keeeer <0 when e #¢€;
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o > Keeere =0 (probability conservation);

o K

€2e2,

erer/ Kererenes = €XP (—hweye, /(kpT)) (detailed balance)

New Feynman diagrams are introduced for describing exciton relaxation pro-
cesses, shown in Figure (2.7). Dashed lines indicate that during t,, density matrix

populations are allowed to mix with each other according to Eq. (2.60).

kr =—ki+ky+ k3 ki =+ki —ka+ ks
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Figure 2.7: Feynman diagrams for rephasing (left) and nonrephasing (right) phase match-
ing directions, that extend the corresponding diagrams of Figure 2.2 by includ-
ing population transport (highlighted as dashed line along time t3).

From Eq. (2.63) one can see that the finite state life-time provides an additional
suppression of coherences, i.e., contributing to the homogeneous broadening of the
signals in the spectra. In the context of secular Redfield theory, closed expressions
are given for both relaxation rates and pure dephasing terms 7., .|68] We note that
in this model, dephasing and energy-transfer processes enter as simple exponential

decays, so that the computed spectra have Lorenzian line-shape.

2.4.2 Intermediate-timescale bath fluctuations

Here we make a step forward: considering processes for which ¢y, t3 < t,, the
bath fluctuations are assumed to be fast compared to the transport, but slow (or
comparable) with respect to the coherence-dephasing time. We still apply the secular
approximation, so that transport can occur only between populations (i.e. during
to in k; and k;;), and dephasing occurs during the delay times ¢; and t;.

The response function is factorized in the doorway-window form, given by|68]

RO (tg,t9, 1)) = (%)3 Tr [W(t3)G(t2)D(t1)] (2.64)
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where D(t1) = VG(t1)Vpy is the doorway exciton wavepacket, prepared by the first
two pulses, G(ty) describe the propagation along t, and W(t3) = pG(t3)V, is the
window wavepacket, which represents the detection.

R®) is further partitioned (secular approximation) in two terms:
R (t5, 1y, t1) = Rp) (ts, ta, 11) + Rp (ts, 12, 1) (2.65)

where RE:?) (t3,t2,t1) collects all the terms that are always described by coherences
(also during t3), and Rgi))(tg,tg,tl) collects all the terms that during ¢, are in a
population. Population response functions (for both SE and ESA) are weighted by
the solutions of the Pauli master equation Eq. (2.60), which prescribes the pathways
and the rates with which an exciton migrates through the various exciton states.

Since the timescale of coherence-dephasing is faster than that of bath correlation,
diagonal fluctuations are treated exactly for the RE‘Z)) (t3,t2,t1) pathways, and off-
diagonal contributions are included (in the Markovian approximation, i.e. according
to Egs. (2.60-2.62)) only to compute the life-time broadening of these signals. These
diagrams maintain the correlated bath dynamics over all the time intervals t;, t5 and
t3. Pathways containing populations during ¢, i.e. RE3P)) (t3,t2,t1), ignore bath fluctu-
ation correlations between the different propagation intervals: diagonal fluctuations
are treated exactly during ¢; and ¢3 (via cumulant expansion), and life-time broad-
ening is added as provided by Eq. (2.62). During t5, the memory is erased, and
second order Markovian perturbation theory is performed for the coupling with all
the bath coordinates (leading to Eq. (2.60)). This implies that line-shape functions
for (P) diagrams do not explicitly contain the time ¢, and that correlation between
times ¢; and t3 is neglected for these pathways.|68|

This model allows the consideration of finite bath timescale and arbitrary line
shapes (as opposed to the Lorenzian line shape of the zero-order approach of the
previous Section). However, the complete factorization into the doorway and window
functions produces the loss of memory during the ¢, time interval, so that correlations

between fluctuations during intervals #; and t3 are neglected in population diagrams.

2.4.3 Slow diagonal fluctuations

Baths with both fast and slow modes (along all the three time intervals ¢, t, and
t3) can be approximately treated|69]. The Markovian approximation is applied only
to the fast modes (denoted by a generic bath coordinate Q(F )): during t; and t3,
these cause homogeneous line broadening (diagonal bath fluctuations), while during

to they induce population relaxation (off-diagonal bath fluctuations) described by
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the Pauli master equation Eq. (2.60). The slow bath modes (denoted by a generic
bath coordinate Q(S)) are instead responsible for spectral diffusion during ¢, t5, and
t3, causing correlations during all the three time intervals.

The response function is again recast as in Eq. (2.65), and the various contribu-
tions (GSB, SE and ESA) are split in Population and Coherence contributions.

The population contributions then read:

ESA . N
REP) )(t37 to, tl) = 1 Z Z M?elﬂgeei,e/)ee(tﬂ
ee!

X |:5 e(fe) (t17t1+t27t1+t2+t3,0)
t Geer P eee<t37t27t1>} (2.66>
SE
REP))(tIS,t%tl) = _Zzugeuge’Geeee (to)

X [(5 '”Fege (0 t1+t2,t1+t2+t3,t1)

G F Ut ta,1)] (2.67)
GSB
REP) )(t37t27t1) = _Zzugeuge’Geeee )
X ]:e(ge) (0 ti,t1 +1o + 13,11 +t2> (268)

The Coherence contributions read:

ESA .
REC) )(t37 ta, tl) = 1 Z Z Hye' lfellge Hge
e#e! f

X FSD (bt + byt 4 5,0) (2.69)
REC) )(t37 t27 tl) = —1 Z ,U/ze,u;e/
e#£e’
x ]:(C)(O ty+ty, ty + 1y + 13, 11) (2.70)

ege’

where R (t3, to,t1) =0, (up = 1—04p. The populatlon contributions (P), contain
two terms. a coherent, population-conserving term F(©), when populations during
to do not change (e = ¢€’), weighted by the probability of remaining in the same state
during ¢, (Ggee)e(tg)) and the population-transfer term, F), where populations hop
from state e into €.

F(©) contains line-shape functions obtained by cumulant expansion over all the
modes, specified by Eq. (2.57). FU) is developed by including the diagonal fluc-
tuations of slow bath modes Q' also along t,.[69] New line-shape functions are

obtained for F), and differently to the doorway-window approach, they depend on
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all three time intervals.[69] This level of theory can reproduce some signatures of
population transport during ¢, such as time-dependent Stokes shift.|68, 69|

From the computational point of view, spectral densities are again the key quan-
tities: on one side they are used to describe the diagonal (energy) fluctuations
through the computation of line-shape functions; on the other side they are input
quantities for the transport theories that provides the elements of the rate matrix
K.

We note that we have not removed the secular approximation, which decouples
populations from coherences. In the next Section we will present a different approach
which overcomes many of the employed approximations, by introducing our recently
developed model for describing 2DES spectroscopy through the accurate quantum
dissipative PLDM dynamics.

2.5 Summary

In the previous Sections we have developed the response function formalism for the
computation of linear and non-linear spectroscopy: we summarize here the main

information obtained and the approximations made throughout the derivation.

e We started from the field-matter Hamiltonian given by H = Hy + H'(t), and
described the system in terms of its density matrix, which is the natural for-

mulation in the context of open quantum system.

e The interacting term, H'(t), of the field-matter Hamiltonian is treated pertur-

batively, and an order-by-order expansion of the density matrix is obtained.

e The n-th order induced polarizability is the quantity of interest in spectroscopy,
being the source of the measured signal. In particular we focused on linear and
third-order polarizabilities, connected, e.g., to ground-state absorption and
2DES techniques, respectively. These are conveniently written by separating

the response of the system and the incident electromagnetic field as:

RO = (5) 77 (6 ) 2.1)

and N
R(3)<t3,t2,t1> == (%) Tr |:l:l/G<t3)/,L><G(tQ)MXG(tl)MXﬁO} (272)

The functions R and R® contain all the information about the system

dynamics which follows the interaction with light.
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e For third-order response, we partitioned the response function according to
the different physical processes taking place when multiple laser pulses interact
with the sample: GSB, SE and ESA. Feynman diagrams were introduced, and
the connection between diagrams, equations and underlying physical processes
established.

e The role of the environment was unraveled by connecting the microscopic sys-
tem fluctuations to line-shape functions for both linear and non-linear tech-
niques. The spectral density plays a central role. This model is exact providing

the absence of transport between excitons.

e Approximate strategies for introducing transport were presented.

All the concepts introduced in this Chapter have been extensively used for the
simulation of spectroscopies in Part III of this Thesis: linear and non-linear spectra
are computed by means of Eq. (2.71) and Eq. (2.72), respectively. Lineshape
functions (Eq. (2.57)), obtained through computed spectral densities, are employed
to describe the effect of both inter- and intra- molecular vibrations on the spectra.
Exciton transport is also considered, as described in the advanced model of Section

2.4.3, always relying on the secular approximation.



CHAPTER 3

PLDM approach to Spectroscopy

The method outlined in this Chapter has been developed in collaboration
with the research group of Prof. David F. Coker (Boston University,
Boston, MA, USA) and a related paper has been published in the Journal
of Chemical Theory and Computation, ref. 53.

The reliability of the simulation of spectroscopic experiments is significantly
affected not only by the microscopic input of the Frenkel Exciton model, but also
by the quantum dissipative dynamics employed to describe the system evolution.
PLDM dynamics proved to be an effective method for computing the evolution
of the density matrix of a quantum system coupled to a fluctuating environment,
through a non-perturbative, non-Markovian, non-secular semiclassical path integral
approach, that explicitly treats all DOFs [41, 48|.

We have recently developed a method to exploit the accuracy of PLDM in the
simulation of spectroscopy.

At the core of the method there is a simple generalization of PLDM to the evo-
lution of generic operators (and not just of the density matrix). Eq. (2.22) and
(2.24) furnish the recipe to be followed to compute the response function: interact
with the external laser, propagate the system, interact, propagate, etc. This ap-
proach inherits from PLDM the absence of many of the standard approximations
of the existing methods used to simulate spectroscopy: no perturbative treatment
of system-bath coupling, no dynamical approximations about time scales of differ-
ent processes (e.g., no Markovian limit), no secular approximation (all the density

matrix elements can in principle mix with each other). No assumptions are made
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about the nature of intra-system couplings or the form of the spectral density. The
PLDM approach to spectroscopy therefore provides a way of accurately treating the
coupled electronic, vibrational and vibronic dynamics at the heart of the nonlinear
optical response. Moreover it is based on propagating classical-like trajectories that
include effects such as quantum transitions and the decay of an initially prepared
coherent superposition of system quantum states in the presence of coupling to the
environment. The independent trajectory nature of the approach makes for a highly
efficient implementation for computing nonlinear responses, even if it is more expen-
sive than standard perturbative approaches, and as such it is in general applicable
to smaller system.

In what follows we show how the PLDM framework has been utilized to compute
linear and non-linear response functions, and hence simulate linear and non-linear
spectroscopy.

Both RW(t;) and R®)(ts,t,,t;) can be written in terms of multi-point dipole

correlation functions as!:

RO = (5 ) i) 17(0) (3.)

and

R (ts, 15, 11) = (%) (i(ts +ta + 1) @ (ta +t1) @2*(t) f*(0))  (3.2)

The PLDM framework has been shown to be capable of accurately reproduc-
ing quantum autocorrelation functions |70, 71| and we employ it here to compute
the third-order optical spectroscopy response function according to the following

expression (A = 1):

!This is nothing but a simple reorganization of the terms of equations Eq. (2.22) and Eq.
(2.24): there we employed a Schrodinger like representations, here instead we rewrite the terms in
the Interaction representation.
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N3+N2+N1
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(3.3)

Eq. (3.3) follows from the central equation of PLDM dynamics (Part I, Eq.
4.23), applied here for describing the evolution of the operator (i*p). The third-
order response function is obtained by repeatedly nesting this time evolution as
described in Eq. (3.2), and tracing the result over all the DOFs. The derivation of
this equation is reported in the Appendix (Section 4.2).

Here ([L[’)(j))mjn;j are the matrix elements of the product of the transition dipole
operator and the evolved density operator after the j' field interaction. From Eq.
(4.23) of Part I, the elements of pY9) are computed from the time evolved mapping
variables as pAl(CQ 0, = %({Ektj +ipktj)($ntj,1 —ipntjil)%(xftj —z‘p;tj)(x;LL1 +Z’p§z§,71 ). The
initial distribution of mapping variables for the (j + 1)*® time injterval is provided
by the functions Gy, = exp[—3 Za(xitj +p§tj)] and G .2

Due to the state-collapsing nature of the dipole operator, each time it is ap-
plied it projects the evolving operator onto a different subspace of the global Hilbert
space (see Figure 3.1). Therefore, after a dipole interaction, each matrix element
can potentially give rise to a large number of new matrix elements that need to be
propagated. From Eq. (3.3) the sums over the starting state indices at each of the
interaction times have the potential to dramatically increase the number of terms
that must be evolved, and each, in principle, require propagating many indepen-
dently sampled trajectories. This suggests that the complete treatment of realistic

systems will be very computationally demanding with a brute-force implementation.

2Note: The k indices labeling the terms in the products in Eq.(3.3) apply only to the quantities
immediately to the right of the product.
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Figure 3.1: Pictorial representation of the effect of the subsequent dipole interactions on
the evolving operator, represented as a matrix in which filled grey sectors
correspond to non-zero elements of selected subspaces of the global Hilbert
space. The arrows indicate time propagation.

To mitigate this problem, a Monte-Carlo importance sampling procedure is em-
ployed to treat the intermediate state sums for the interactions at ¢; and ¢y by
selecting the “most important” matrix element as the sole initially-occupied state
for subsequent propagation. Also, the intermediate mapping variable integrals are
evaluated using a “steepest descent" approximation. This method, termed “focus-
ing” (the basic ingredients of which have already been presented in the literature
[72]), drastically reduces the computational effort needed to compute multi-point

correlation functions in the PLDM framework.?

3.1 Implementation
This algorithm can be summarized for a general n-state system as follows:

1. At t=0, the dipole commutator prepares the system in a coherence between the
ground and single exciton manifold (e.g., |e)(g|) and initial system mapping
variables are sampled from Gaussian distributions as indicated in Eq. (3.3).
Assuming the bath DOFs are unaffected by the electronic dipole operator (the
Condon approximation), these variables are sampled from their equilibrium
distribution on the ground electronic state. An ensemble of trajectories, orig-

inating from these system and bath initial conditions is then initiated.

2. The system DOFs are propagated for a time ¢; using classical trajectories that
satisfy Hamilton’s equations obtained from the mapping Hamiltonian in Part
I, Eq. (4.14). The bath DOFs are propagated simultaneously according to the
effective forces which depend on (both forward and backward) system mapping
variables, as outlined in Part I, Eq. (4.26).

3When evaluating linear response functions this focusing procedure is unnecessary because there
is only a single time interval.
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3. At t = tq, the dipole commutator is applied again and the system is projected
into a new set of states, while the bath DOFs remain continuous through the
operation of the dipole. For each state of the projected subspace, mapping

variables are re-sampled from gaussian distributions.

- If “focusing” is applied then the “most important” matrix element is
selected as the new initial condition for subsequent propagation, according to

the following steps:

a) The elements of the dipole operated density matrix are written, in

polar coordinates, as:

i(On,, —0,7 )
(up(l))ntlngl = Ty, Ty € 1y (3.4)

and a normalized probability density function, My, is constructed

according to:

U
mnt n} ; Ml E nt n} (35)
t 1 t
1 ]\ftl 1

/
ntlntl

b) A uniform random number £ € (0, 1] is extracted, and the probabil-
ity density My g, uniformly sampled (Appendix, Section 4.3), selecting the
“most important” matrix element (n{ ,n;?) as the new (occupied) initial system

density matrix element for the next time interval propagation

¢ ~Ouo)

i(Ong —0p70) .
c) A trajectory dependent weight Q;, = Ntlez( 41’ is saved.

d) The “steepest descent” approximation is used to evaluate the integrals

over the mapping variables resulting in the following;:

(nt17 n;l) = (5"11 ,n,?l 5 5n;1,n;01) (36)
where d,, is the Kronecker delta function.

4. For each given ty, steps 2-3 are repeated for a desired number of ¢, values (i.e.

replacing ¢, by t5 in these steps).

5. For each combination of ¢, ¢, the system and bath are propagated for a time
delay t3, after which the expectation value of the third-order polarization is

computed by averaging over all trajectories.
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Figure 3.2: (a) Double-sided Feynman diagrams that represent nonrephasing interaction
schemes. For conciseness, only diagrams that survive the rotating wave approx-
imation are shown. The vertical lines represent time evolution, with dashed
lines indicating time periods where the corresponding wave function can mix
into a linear combination of eigenstates. Note that, in this methodology, mix-
ing is also allowed when the system is in a coherence, not just when it is in
a population. (b) Pictorial representation of the excitation manifolds involved
in the Feynman diagrams depicted in (a).

- If “focusing” is used, the appropriate Monte-Carlo weights are accumu-
lated and applied when computing the contribution of each trajectory to the

final response.

By applying the RWA one can produce Feynman diagrams which look very sim-
ilar to those introduced previously. The difference here is that, by avoiding the use
of the secular approximation and the assumption that energy transfer occurs only
when the system is in a population state, there are more time intervals in which
the density matrix elements are allowed to mix. These are identified as dashed
lines in Figure 3.2. Furthermore, dephasing of coherences and energy transfer are
here described beyond the simple exponential picture of the previously presented
approximated techniques.

We demonstrate the accuracy of the proposed approach in the limit of slow
bath relaxation times, for which standard implementations of the theory employing

assumptions on the bath timescales proved to fail.

3.2 Example I

In our first test of the methodology, the 2DES of a coupled dimer is computed.

In this model we assume a pair of coupled sites, each of which has two levels, i.e.
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each site has a significant gap between its first, and all the other excited states. The
manifold of coupled dimer states probed during a third-order nonlinear spectroscopy
experiment is completely described by the site basis states, |ij), so that a general

time dependent state has the form:

1

() =Y Cy(D)]is) (3.7)

1,7=0

where ¢ and j represent the electronic state of each site. The Hamiltonian in this

representation becomes

1
H=2 eyli)ijl+ D Jiyulid) (il

i,j=0 i7€01,10

M . M 1 ) A A
Y YA Qmlintil+ Y 5 (P + ko)
m=1

ij€01,10,11 m=1

(3.8)

where ¢ is the strength of the linear system-bath coupling, with ¢;; = €19 + co1,
and €17 = €19 + €p1. The spectral density that determines the bath mode frequen-
cies and the frequency dependent system-bath coupling constants is the overdamped
brownian oscillator form, J(w) = 2)\% (Part I, Eq. (3.27)). In the calcula-
tions carried out here, each site was coupled to its own independent identical set of
M = 100 bath oscillators sampled from this distribution.|73]

To demonstrate the applicability of the PLDM 2DES approach in parameter
regimes where perturbation theory-based methods can become inaccurate, we con-
sidered a dimer system coupled to a bath with a slow relaxation time (v, ! = 300 fs).
In the limit of slow bath relaxation, the Markovian approximation can become un-
physical. In Figure 3.3 the 2DES results computed with the PLDM approach are
seen to reproduce those obtained from numerically exact hierarchical equations of
motion (HEOM) calculations with surprising accuracy, even when the results are
averaged over a limited number of trajectories. The “SPEC” results reported in
Figure 3.3 were computed using the SPECTRON software package [68]|, employing
line-shape functions obtained from the spectral density to account for all dephasing
mechanisms in the absence of transport, and then using secular Redfield theory to
describe transport. It is well known that Redfield theory can provide inaccurate
transport dynamics in certain model parameter regimes, and we have already no-
ticed that the use of the secular approximation not only decouples populations from
coherences, but also prohibits the mixing between coherences. This means that a

density matrix element initiated in |e)(g| will evolve according to its own equation
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Figure 3.3: Comparison of HEOM, PLDM, and SPECTRON 2DES at different ¢ times
for a coupled dimer at 300 K with €19 — g1 = 100 cm™!, Ap1,10 = 100 cm™ Y,
and f100,01/p00,10 = —0.2. The bath has a cutoff frequency of 7. = 18 cm ™!
and a reorganization energy of A = 50 cm~!. The PLDM calculation presented
here is averaged over only 60,000 trajectories initialized from each element of
(uxp@)) with nonzero amplitude. Note: The color range has been scaled to
highlight the midrange features as detailed in the Appendix, Section 4.4

of motion, without coupling with any other |¢’)(g| term. These approximations lead
to qualitatively inaccurate results, even for ¢t = 0 fs, where this approach predicts
inverted relative intensities of features corresponding to the two exciton states. In
recent work it was demonstrated that this coupled dimer model also exhibits the
complete breakdown of the second-order time-convolutionless master equation for

this range of parameters.|74].
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3.3 Example 11

In many systems-of-interest, there can be higher frequency nuclear vibrational modes
that are strongly coupled to the electronic transitions [75]. In this case, the nuclear
vibration are preferentially treated as inherently quantum mechanical. In order to
track the dynamics of particular vibronic states, a repartitioning of the system-bath
Hamiltonian is required. For illustrative purposes, we consider a simple vibronic
monomer including one discrete harmonic vibrational mode and a single electronic
excited state interacting with a continuum of M, more weakly coupled bath modes

described by a Hamiltonian of the following form:

[e%¢) o] co M.
H =3 e ga) (ol + 3 e len)en + D0 D cnQu len) e

N, =0 ng=0 ng=0m=1 (39)

Me
Y (P Q)i

where |g,,) is the electronic ground state dressed with the state of the discrete
vibrational mode with frequency €2; and in energy level n, centered in coordinate
space about the ground electronic state’s unshifted (“«”) equilibrium position, |e,,)
is the electronic excited state dressed with the discrete vibrational mode in energy
level ng centered in coordinate space about the excited electronic state’s shifted

) = €g + (nu + %) Qg are the energies of the

(“s”) equilibrium position, and eé"“
electronic ground state manifold. In a similar fashion, ene) = €e — A+ (ns + %) Qq
is the excitation energy at the Franck-Condon point minus the reorganization energy,
A = %, dressed with the discrete mode (see Figure 3.4).

In the vibronic basis, elements of the electronic dipole matrix are modulated
by the overlap of shifted vibrational wavefunctions. The magnitude of the overlap
is dictated by Huang-Rhys factor, S = A\;/€2, which indicates the relative shift

between ground and excited state PESs.

<€ns |ﬂ|gmu> = Meg<n8|mu>

3.10
= ueg/d“f (n|z —¢/QF)(x|m) .

In the calculation presented here, only vibrational energy levels 0 and 1 of the
strongly coupled discrete mode were included due to the rapid fall-off of vibrational
overlap for transitions between |gy) — |e,,) for increasing Huang-Rhys factors. [76]

Figure 3.4 presents 2DES results for the vibronic system at various values of ¢,.
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Figure 3.4: Summary of Vibronic Monomer study at 300 K. The electronic system-bath
coupling model spectral density is a OBO with A = 50 cm™! and v, = 200
cm . The additional discrete mode in the vibronic monomer model studied
here has a frequency of €; = 500 cm~! and Huang-Rhys factor S = 0.45.

The |gn) to |en) energy gap is 5000 cm~!. In this study the initial system

density operator is a population on the total ground state |go). Panel a) shows
the linear absorption spectrum as well as the corresponding 2DES spectra for
various values of to. Panel b) presents a pictorial representation of the model
system Hamiltonian used in this study. Panel c) shows the evolution of the
off-diagonal peak located at (£21,€3) = (5000, 5500) cm ™! as a function of the
to delay time.

The evolution of the diagonal peaks and cross-peaks is modulated with a period of
66.7 fs, corresponding to the 500 cm™! frequency of the discrete mode. These signal
modulations can be easily misinterpreted in experiments as a signature of electronic
coherence between different sites. For example, in Figure 3.4 it is shown that off-
diagonal features associated with pure vibrational coherence can exhibit oscillatory
modulation reminiscent of peaks associated with electronic coherence. The accuracy
of the dynamics method presented in this work allows us to reproduce, and correctly

interpret all kinds of signal oscillations.

3.4 Summary

To summarize this Chapter, we have presented a semiclassical path integral method
for computing nonlinear optical response functions in non-Markovian open quantum
systems. It combines a detailed description of the non-equilibrium dynamics respon-
sible for energy transfer after photo-excitation in molecular aggregates (through the

PLDM methodology) with response function theory of field-matter interactions, al-
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lowing for the direct connection between theory and experiment.

We have demonstrated that the method presented here is capable of producing
accurate results in parameter regimes where perturbation theory-based methods
breakdown significantly. [74] If perturbation theory-based methodologies remain
the only feasible way of treating system with a very large number of interacting
chromophores, while paying the price of using approximations which limit their
validity to certain parameters regimes, the methodology introduced here avoids this
drawback by making no assumption about the form or strength of intra-system or
system-bath couplings, even if it is generally more expensive. This method is not
restricted to harmonic baths, although its accuracy in computing nonlinear spectra
for anharmonic systems has yet to be studied. We also note that, being trajectory
based, it scales linearly in a parallel computation environment.

This semiclassical path integral method offers an exciting starting point from
which to explore the development of accurate, yet computationally economical,
methods for computing nonlinear electronic spectroscopy. It can be used to study
e.g. systems of coupled vibronic sites (to clarify the influence of coherent phenomena
in energy transfer) and to describe the effects of finite bandwidth pulse shapes in

the spectra.



CHAPTER 4

Appendix

4.1 Homogeneous and inhomogeneous broadening

Experimental spectra have always a finite, non-null, line-width. There are various
phenomena that contribute to this broadening, and they are usually grouped in two

main sets: homogeneous and inhomogeneous broadening.

e Homogeneous broadening: The absorption lineshape is dynamically broadened
by rapid variations in the energy gap w,, (e.g. due to nuclear motion) and for
the finite state lifetime. This effects contribute to an exponential decay of

coherences.

e [nhomogeneous broadening: In this limit, the lineshape reflects a static distri-
bution of resonance frequencies, which arises from different local configurations
of the environment. The width of the line therefore represents the distribution

of frequencies.

If in ground-state absorption homogeneous and inhomogeneous broadening are in
general both present and difficult to distinguish, in 2DES (as we have pointed out in
Section 1.2.3) these two contributions split, giving rise to, respectively, off-diagonal

and diagonal elongations of the peaks.
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4.2 PLDM expression for the third-order response

function

We here derive Eq. (3.3) for a single contribution to the overall third-order response,

given by

RO tact) = (5 ) {ilta +ta-+ ) e+ 1) ) 70) -,

.\ 3
_ (;_:L) Tr [ﬂe—mtgﬂe—zﬂtgﬂe—mtl ﬂﬁoez‘H(t1+t2+t3)]
which is the contribution that includes only the positive terms of the commutators

p*. Upon insertion of complete sets of states, Eq. (4.1) becomes

-\ 3
1
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(4.2)

Within the Condon approximation this result can be further decomposed by insert-
ing system complete sets of states, leading to

N\ 3
2
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(4.3)

The connection with the PLDM algorithm is readily obtained, by recognizing
that the term

Z dROdR6 <mt17 RN1 |€_7;Ht1 |n07 R0> <7’Lo, R0|ﬂﬁ(0) ‘nEb R6> <7’L6, R6|6th1 |n;17 §V1>
ng,ny,

(4.4)
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can be rewritten in the PLDM formalism as
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Upon summation over m;, we have the necessary matrix elements that define the
initial conditions for subsequent propagation. The Condon approximation implies
that bath DOFs are unaffected by the application of the dipole operator, and there-
fore propagate continuously after the various dipole interactions. The initial mo-
mentum distribution for the subsequent propagation is provided by the integral over
Zy, of O™ (Ry,, Pri1) = [ dZy,(ne,, Ry, + Z20|0ln. | Ry, — Z34)e=iPviniZm
which gives 6(Py, 11— Py, ). The integration over Ry, can be evaluated analytically
according to §(Py,11/M — (Ry,+1 — Rn,)/€).

This scheme is continued until all propagations and dipole operations have been

performed, at which point the result is traced, leading to the expression in Eq. (3.3).

4.3 Focusing - uniform sampling

The intermediate sums in Eq. (3.3) are conveniently rewritten in a form that is

amenable to a uniform random sampling as:

i(0ny. 0,1 ) i(0n, =0, )
Z T‘nti rnéi (& b i — -/\[t Z m’ﬂt n’ & K ti (46)
nt1nf“ nt, ’ﬂti
ni; n} . -
J— . i
Where NV;, =37, ot e, T, and 1y, n; = —5z— defines the normalized probability

density function that will be directly samplea using a uniform random number,
¢ € (0,1]. This sampling procedure selects (on average) the matrix element of
(ﬂﬁ(Z))nting_ that has the largest instantaneous magnitude. The selected element is
assigned a; the sole initially occupied “state”, (nf,n{’), for subsequent propagation.

Figure 4.1 contains a pictorial representation of the importance sampling scheme.
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Figure 4.1: Pictorial representation of the Monte-Carlo importance sampling scheme.

4.4 Color range of Figure 3.3

In order to highlight the difference between mid-range features at longer times, the
color scale has been enhanced in this region. To achieve an adequate coloring scheme,
the maximum of the color range (white) was set as 0.85*max{ R} while the minimum
of the color range (black) was set as 0.425 * min{ R} where R refers to the entire
Fourier transformed response function (i.e. R = R(Qpn : Quaz gmin . gmaz Qmin .
Q7e*)). Imposing these boundaries on the color range makes it so all R(Qs, t5, Q) >
0.85 * max{R} are represented as white and all R(Qs,t, ;) < 0.425 * min{ R} are

represented as black.
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Introduction

Here we make use of the concepts previously introduced to study some real systems.
Three examples are proposed: the study of the Light Harvesting complex 2 (LH2) of
the photosynthetic bacterium rodopseudomonas acidophila, the study of the energy
transfer between carotenoid and retinal in the zanthorhodopsin protein, and the
photoisomerization of the azobenzene molecule. Comparison with experiments has
been carried out in all the three cases, and it is shown how an integration between
theory and measurements is mandatory to clarify the origin of the observed spectral
features and shed light on the EET mechanisms employed by nature.

In the first study, a first-principles approach is presented that combines accu-
rate quantum chemical descriptions with state-of-the-art models for the environment
through the use of atomistic and polarizable embeddings. Slow and fast bath dy-
namics, along with exciton transport between the pigments, are included. This
approach is applied to the 2DES spectroscopy of the Light-Harvesting 2 (LH2) com-
plex of purple bacteria. Simulations are extended, for the first time, over the entire
visible-near-infrared spectral region to cover both carotenoid and bacteriochloro-
phyll signals. Our results provide an accurate description of excitonic properties
and relaxation pathways, and give an unprecedented insight into the interpretation
of the spectral signatures of the measured 2D signals.

In the second example, by comparing two-dimensional electronic spectroscopy
(2DES) measurements on xanthorhodopsin (XR) and reduced-xanthorhodopsin (RXR)
complexes, the ultrafast carotenoid-to-retinal energy transfer pathway is directly re-
vealed by an excess of signal amplitude at the associated cross-peak. We show that
the remarkable velocity of this transfer, despite the non-negligible energy separation

between the two chromophores, points toward a crucial role of molecular vibra-
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tions in assisting the energy transfer process. The combination of measured 2DES
spectroscopic data with theoretical modeling, allows for a clear identification of the
main experimental signals and for a comprehensive interpretation of their origin and
dynamics.

Finally, in the third example, we combine sub-20-fs transient absorption spec-
troscopy in the UV range with state-of-the-art computational tools to study the
ultrafast photoinduced dynamics of trans-azobenzene (trans-AB). The 1DPP exper-
iment allows to resolve the evolution of the principal states involved, by exploiting
the presence of state-specific ESA signals: the lifetime of the 77 state, the build-up
of the nm* population and the following coherent oscillatory dynamics. The sim-
ulations reproduce with remarkable accuracy the positions of all ESA bands and
reveal a non-reactive decay channel on the nz7* state, accessible after excitation of
the mm* state through a planar conical intersection, which allows the decay to the

ground state on a sub-ps timescale, and accounts for the violation of the Kasha rule
observed in AB.



CHAPTER 1

A Quantum Chemical Interpretation of Two-Dimensional

Electronic Spectroscopy of Light-Harvesting Complexes

The work presented in this chapter has been done in collaboration with
the Molecolab group of Prof. Benedetta Mennucci (Universita di Pisa,
Pisa, IT), and published in F. Segatta et al., ref. 52.

1.1 Introduction

Advances in electronic spectroscopy with femtosecond time resolution, such as the
two dimensional electronic spectroscopy (2DES), have provided new insight into the
energy transfer processes in the light-harvesting (LH) pigment-protein complexes
present in photosynthetic organisms.[50, 51, 77, 78] The high complexity of these
systems, where multiple interacting pigments are embedded in a protein matrix,
leads to extremely intricate energy landscapes due to the interplay of excitonic,
vibronic and, eventually, charge-transfer states. By spreading signals along two fre-
quency axes and following the dynamics of excitation with very high time resolution,
the 2DES technique allows to disentangle the overlapping transient spectra. As a
result, a high density of information is obtained, but to objectively disentangle all
these features and reach a detailed and reliable map of the energy transfer network is
still a challenge. A possible strategy to solve the latter issue is to integrate the mea-
surements with theoretical models: this has been successfully done by combining cal-
culations, data extracted from experiments, and tunable parameters.|79, 80, 81, 82]

Attempts to apply more sophisticated quantum chemical approaches to the simula-
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tion of 2DES were conducted for the Fenna-Matthews-Olson complex,[83] however
these rely on semiempirical calculations of key quantities.

Here we present an accurate quantum-chemistry based multiscale approach to
simulate 2DES spectra of multichromophoric systems in complex environments for a
direct comparison with experiments. By combining two different levels of quantum
chemistry (Density Functional Theory and multireference perturbative RASSCF/
RASPT?2) with two classical embedding schemes (electrostatic and polarizable) to
account for the environment, we calculate all quantities needed to build up the
exciton-phonon model with a unified theoretical framework able to incorporate slow
and fast bath dynamics, along with exciton transport between the pigments. Be-
cause of its ab initio character, our approach represents an unambiguous strategy
to achieve a clear interpretation of the spectra even when many different pigments
are involved and a large range of wavelengths has to be explored. By switching on
and off selected interactions among pigments, a detailed molecular-level analysis of
the intricate network of couplings between the multiple electronic processes and the
intra/intermolecular nuclear degrees of freedom can be achieved.

We demonstrate the potential of our approach by simulating the 2DES spec-
troscopy at low (77 K) and room temperature of one of the most challenging system,
namely the main LH complex of purple bacteria, the Light-Harvesting 2 (LH2) of
rps. acidophila. Since the determination of its high-resolution structural model re-
ported in 1995 by Cogdell and co-workers [84], LH2 has been extensively studied with
different experimental techniques (see ref. 85 for a recent exhaustive review). Many
theoretical studies have also been performed;[80, 82, 86, 87, 88, 89, 90, 91, 92, 93, 94|
however, the accurate interpretation of the excitonic properties of this highly sym-
metric system is still disputed, mostly owing to the different coupling regimes, which
are active at the same time.

The LH2 complex is characterized by a cylindrical Cy structure, containing 27
bacteriochlorophylls @ (BChl) and 9 carotenoids (Car) as absorbing pigments.|95]
The BChls are organized in two rings, a closely packed ring (B850) containing 18
BChls whose molecular plane is perpendicular to the cylinder radius, and a more
loosely packed ring (B800) that contains 9 BChls, whose molecular plane is per-
pendicular to the Cy axis (see Figure 1.1). The backbone of the Car molecules
(Rhodopin Glucoside) encompasses the whole polypeptide chain and bridges the
two BChl rings.

Due to this unique structural arrangement, the bright Q, excitations of the
B850 BChls are strongly coupled, whereas those of the BS00 BChls are more weakly

coupled; the coupling between the two rings is also not negligible. This is reflected
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Figure 1.1: Molecular structure of LH2. Pigments are highlighted using the following color
code: yellow for BChl B850«, red for B85083, green for B800, purple for the
Carotenoid.

in the near IR characteristic signal arising from delocalized Q) excitons. When we
move to the region where the Qy transition of the BChls and/or the bright state of
the carotenoids are excited, the couplings decrease significantly in both rings as well
as between the BChl rings and the connecting Cars.

For the first time, the present simulation is extended over the entire Car-Q
plus Q, visible-near-infrared (VIS-NIR) region. Due to the very different cou-
pling regimes, the exciton model is combined with Redfield and Modified Redfield
theories|38, 39, 40, 96] to describe exciton relaxation within delocalized states of the
Qy region, and the Forster theory within the Car-Qy region.

Our results are compared with recently published experimental 2DES data, |97,
98| showing the importance of previously unaddressed aspects of the modeling and
revealing new aspects of the recorded signals.

Focusing on the Qy region, the good agreement between experimental and theo-
retical maps, obtained when the Coulomb interaction of the full transition densities
and the polarization effects of the environment are included, points to the impor-
tance of a proper evaluation of the intra and inter-ring couplings. Moreover, we
show that the simulations must include the excitation and detection pulse envelopes
in order to achieve a quantitative agreement of the simulated intensities of BS0O0 and
B850 bands with experimentally recorded 2D maps.

Moving to the Car-Qy region of the 2D map, the calculations clearly identify the
signals due to the combined effect of the vibronic progression of the Car’s bright S,
state and BChl’s Q, transition, respectively. This is particularly important for those
off-diagonal peaks that were used to reveal the presence of a previously postulated
carotenoid dark state of the same symmetry of Sy,[99] which lies in between Sy and

Q« states. The comparison between simulated and measured spectra reveals which



1.2 STRUCTURE AND METHODS 137

—_
Q
-

(b)

0.9 A
Rps. Acidophila Se L
0.8 .
X o=
—~ 07 e \ Qx
3. P
3 06 > Sy = km
c 05 o P
5 5 g
B 04 5 L, Qy
P <
§ 03 Z,
< 02} -~ e
o1 v I
. | A
0 S, ‘ol
400 450 500 550 600 650 700 750 800 850 900 950 0
Car

Wavelength (nm)

Figure 1.2: (a) Experimental linear absorption of LH2 complex|[100] and (b) Energy level
scheme of the states of interest for both Car and BChls. The different tran-
sitions are highlighted with different colors: blue for the Sy state of the
Carotenoid, green for the Q state of the BChls, and orange for the Q, state
of the BChls.

signals are due to vibronic progression of BChl Q,, which can be labeled as pure
vibrational progressions of the bright Car S5 state, and which should indeed be

recognized as Car signatures coming from states other than Ss.

1.2 Structure and Methods

We used the crystal structure of LH2 (PDB code: 1NKZ) resolved at 2.0 A.[101] To
ensure a Cy symmetry, we considered a single monomer, which was replicated over
the symmetry axis. All the details regarding the structure preparation are reported
in Appendix, Section 1.5.1.

The multichromophoric system is described in terms of an exciton Hamiltonian
H=Y ali)(il+ Y Vi li) (il (1.1)
i ij

where ¢; is the excited-state energy of the i-th chromophore, and V;; is the electronic
coupling between chromophores 7 and j. We considered separate Hamiltonians for
(i) the near-infrared region of the spectrum, which includes the Q, transitions of
BChls, and (ii) the visible region, which contains contributions from the bright (55)
states of Cars and the Q, states of BChls.

The elements of the exciton Hamiltonian were computed using a hybrid QM /MM
model to account for the effect of the protein environment. In particular, we em-
ployed two levels of QM theory, i.e. Time-Dependent Density Functional The-
ory (TD-DFT) with the CAM-B3LYP functional,[102] and the RASSCF/RASPT2
methodology [8, 23|, with different Active Spaces (AS) and State Average (SA) set-
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tings in the two different regions of the spectrum (Appendix, Section 1.5.5). The
TD-DFT based calculations were performed within both an electrostatic (MM) and
a polarizable embedding (MMPol). In the latter model, the environment is de-
scribed as a set of atomic point charges and isotropic atomic polarizabilities[103].
The RAS calculations were performed within the electrostatic embedding of fixed
point charges. Higashi et al. showed CAM-B3LYP to be inaccurate for the descrip-
tion of solvatochromic shifts when coupled with an electrostatic embedding, and
proposed to tune the range-separation parameter.[104, 105] However, the exciton
structure obtained in ref. 93 with CAM-B3LYP/MMPol well reproduced the exci-
ton splitting of the B850 ring, therefore CAM-B3LYP is appropriate for describing
excitation with a polarizable embedding. Further details on the quantum chemical
calculations are reported in Appendix, Section 1.5.2.

The electronic couplings in the TD-DFT /MMPol scheme were computed as the
Coulomb interaction between the transition densities of the interacting moieties.|[106]
Note that the polarizable environment adds an explicit screening term to the Coulomb
coupling.[103] In the RASSCF/RASPT2/MM approach, the Coulomb couplings
were computed with the transition density cube (TDC) method|27]|, where no ex-
plicit screening is included. It has been shown, both theoretically|93] and experimen-
tally, [107] that the nearest-neighbor Q, couplings in the B850 ring are reduced with
increasing temperature; for this reason, in order to reproduce the room-temperature
properties, we used the exciton Hamiltonian calculated along a classical molecular
dynamics (MD) trajectory.[93]

The full set of excitonic parameters (site energies and couplings) used is reported
in Appendix, Sections 1.5.7 and 1.5.9.

In order to describe exciton-phonon couplings, the spectral densities (SD) of the
different transitions were modeled as a sum of one overdamped Brownian oscillator
(Part I, Eq. (3.27)) and M discrete contributions. The discrete part of the SD, which
accounts for the intramolecular vibrations of the various molecules, was determined
using the vertical gradient approach (Part I, Section 3.1.4), from a normal mode
analysis of the pigments in the crystal structure, and typical values[80] were adapted
for the continuous part. Different spectral densities were explicitly used for the Qy
transitions of B850 «, B850 # and B800 molecules, but we used an average spectral
density for all Q transitions. All details and parameters are reported in Appendix,
Section 1.5.4.

To describe spectra and dynamics within the Q, region, we employed the disor-
dered exciton model with both standard Redfield (sR) and modified Redfield (mR)
theories.[38, 96] This choice is natural if one considers the strongly coupled B850
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pigments; moreover, mR theory has shown to compare well against nonperturbative
hierarchical equations for the simulation of the linear spectra of the B800 ring.[89]
Spectra and dynamics within the Car-Q, region were described by Forster theory.
This is justified by the large reorganization energy of the Cars and by the consid-
erable energy gap between Cars and Q states. Static disorder in the transition
energies of the various pigments (chosen to reproduce the broadening of the linear
absorption peaks, as detailed in Appendix, Section 1.5.4) was taken into account by
averaging the optical properties on a Gaussian distribution of site energies. Further
details about the choice of the exciton dynamics theory are reported in Appendix,
Section 1.5.3.

2DES pump-probe (rephasing plus non-rephasing) spectra were simulated within
the approach outlined in Part II, Chapter 2, as implemented in the Spectron 2.7
code|68] using site energies, couplings and transition dipole moments either from
TD-DFT or RAS based computations, and accounting for different experimental
set-ups in the different spectral regions investigated. We adopted a spectral line
shape model that incorporates slow and fast bath dynamics, together with exciton
transport between the chromophores, as described in Part II, Section 2.4.3.[68, 69|
Unless otherwise specified, the 2DES maps are calculated at to = 0 fs. We considered
only those double excitations that are associated with combinations of electronic
states in the single-exciton manifold, while all the higher lying states of a single
chromophores were not included in the simulation. We further refined the spectra
by including proper pulse envelopes and polarizations (Appendix, Sections 1.5.3 and
1.5.8).

All TD-DFT and RAS calculations as well as all spectra simulations have been
performed using an in-house modified version of Gaussian G09[108], MOLCAS
8.1[10] and Spectron 2.7(68], respectively.

1.3 Results and Discussion

For clarity, the presentation of the results is divided into two Sections, one referring
to the Qy region, for which standard and modified Redfield theories were used,
and the other focused on the the Car-Q, region, for which the Forster theory was

employed.

1.3.1 The Q, Region

The exciton Hamiltonians for the Q, region calculated with alternative strategies
(namely RASSCF/RASPT2/MM, TD-DFT/MM, and TD-DFT/MMPol) are de-
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tailed in Appendix, Table 1.5. The values of the site energies obtained for the
crystal structure with the two different QM levels (RASSCF/RASPT2 and TD-
DFT) are generally quite similar (within 600 cm™) when the same electrostatic
embedding model is used (MM). The introduction of a more refined polarizable em-
bedding (MMPol) leads to a significant red-shift, due to the inductive effects of the
protein residues surrounding the pigments.[109] Some differences between the QM
levels are instead found in the relative ordering of the site energies for the different
BChls: in particular, TD-DFT models give B800 as the most blue-shifted, while
in the RASSCF/RASPT?2 calculations B800 is found between B850 o and /. This
different behavior, which is not due to the embedding model, as both TD-DFT /MM
and TD-DFT/MMPol give the same trend, is related to the different electronic de-
scription by the two QM levels at slightly different internal geometries of the BChls.

The specific embedding model has a significant effect on the couplings: for ex-
ample, the inverted behavior and the different magnitude of the V5 and the V2,
coupling values (Appendix, Table 1.5) in the two different levels of QM theory can
safely be attributed to the screening effect,[93] included only in the TD-DFT /MMPol
calculations through the polarizable embedding. As expected, this screening plays
a significant role in determining the coupling between BChls within the B850 ring
where the BChls are closely packed.

By using the three different Hamiltonians, the linear spectra generated as de-
scribed in Methods Section are reported in Figure 1.3. Due to differences in the
site energies in the different QM methods, the computed spectra were shifted indi-
vidually by a different amount, in order to compare with experiment. As expected,
RASSCF /RASPT?2 level of QM description gives a more accurate estimation of the
site energies, and the corresponding spectrum requires only a small (120 cm™!) shift
to the blue to match the experimental B80O peak. A much larger blue-shift is nec-
essary at the TD-DFT level. However, in spite of the larger offset in the absolute
energies, the TD-DFT/MMPol approach better reproduces the band splitting be-
tween the two peaks at 800 and 850 nm, due to a more balanced description of
site energy differences and couplings. The latter, in fact, correctly accounts for the
possible screening effects as a polarizable embedding (MMPol) has been used. For
this reason, we employed TD-DFT/MMPol data to model the 2DES maps.!

In Figure 1.4 we report the simulated 2DES maps at zero population time and
temperatures 77 K (d) and 300 K (e), along with the experimental map (f) of the

bacterium Rps. palustris|98| in the same spectral region, acquired at zero population

'We note, however, that RASSCF/RASPT2/MM data produce 2DES spectra which fully pre-
serve all the features discussed here for the TD-DFT/MMPol spectra.
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Figure 1.3: Comparison of linear absorption spectra of the Q, region computed at 77 K,
using modified Redfield theory, at different levels of QM theory and/or embed-
ding models. The experimental spectrum is also reported (dashed line).[100]
(a) Spectra as obtained from the computations; (b) Spectra shifted to match
the experimental peak at 800 nm. The TD-DFT/MMPol, TD-DFT/MM and
RASSCF/RASPT2/MM spectra have been shifted by 1280, 550, and 120 cm ™!,

respectively.

time and 300 K. The 77 K 2DES map was computed using the TD-DFT /MMPol
Hamiltonian calculated on the crystal structure, whereas for the 300 K map we
employed the MD Hamiltonian from ref. 93. The pulse shapes were designed in
order to resemble the experimental pulse envelopes (approximately the same overlap
with the various bands as it appears in the experimental spectrum).

The simulated maps at the two temperatures show a similar positioning of peaks
and cross-peaks, but, as expected, the 77 K map is dominated by the site energy
static disorder (peaks extended along the diagonal), while the 300 K map shows
much broader peaks. We observe a considerable similarity between simulated and
experimental maps at 300 K especially in the relative position, shape and intensity of
the positive and negative B850 signals. In this regard, it has been shown by Fleming
et al.[110] that the positioning of these positive and negative B850 related features
can be used as a coarse-grained probe for structural insights on the studied system.
Symmetrically, when the structure is already known (such as for the LH2 of Rps.
acidophila), the correct reproduction of positioning, shapes and relative intensities
of these features supplies an indirect proof of the accuracy of both the underlying
quantum chemical method and the spectra simulation protocols used. With regard
to B800 signals, strong excited state absorption (ESA) signals on both sides of the

main diagonal are present in the experiment, whereas the same signals appear to be
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Figure 1.4: Comparison of 2DES pump-probe maps at zero population time. Simulated
maps at 77 K (d) were computed for the TD-DFT/MMPol Hamiltonian. Sim-
ulated maps at 300 K (e) were computed for the MD Hamiltonian.[93] In
both cases the modified Redfield theory of transport was employed. All sim-
ulated maps were shifted to match the experimental peak at 800 nm. The
experimental map at 300 K (f) refers to the LH2 of Rps. palustris.[98] The
corresponding linear absorptions (blue) and pulse shapes (red), along with the
relative experimental linear spectra (dashed line),[100] are reported in (a), (b)
and (c¢), respectively. Simulated maps are normalized between their minimum
and maximum values. By convention, bleach and stimulated emission contri-
butions appear as positive (red) signals, excited state absorption appears as
negative (blue) peaks. The experimental map has been adapted from ref. 98.

weaker in the computed maps. We note that our simulated ESA signals only arise
from combinations of electronic states in the single-exciton manifold; thus, we did
not include ESA signals related to the excitation of the higher lying Soret bands
from the Q, transition. As the frequency of such excitations is compatible with
these negative ESA signals on both sides of the positive bleaching, it is possible
that Q, — Soret excitations contribute to the negative signals around the diagonal
B800 peak. Furthermore, it should also be noted that calculations and experiments
refer to different bacteria even if they present a high similarity in both the linear
absorption and circular dichroism spectra.[100]

A good agreement between experimental and theoretical maps can be found also
in the off-diagonal regions, with similar positive and negative features in both sides
of the maps. The presence of these off-diagonal signals in the spectra reflects the
weak but still non-negligible coupling between the excitons of the two rings, which
is accurately taken into account in our model. In fact, these off-diagonal signals are
present also in the rephasing maps measured by Harel and Engel for the LH2 of Rb.
Sphaeroides.|111] We reported the simulated rephasing 2DES map for the LH2 of
the Rps. acidophila in Appendix, Figure 1.19: the calculated map clearly shows two
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Modified Redfield (mR) Redfield (sR)

77K 300 K TTK 300K
B800 — BS00 321 (81) 196 (60) 317 (100) 168 (64)
B800 — B850 1045 (85) 630 (79) 1032 (79) 670 (65)
B850 — B850 244 (36) 137 (25) 244 (26) 142 (19)

Table 1.1: Average transfer times (in fs) of the LH2 ring, computed over 10 000 realizations
of site energy static disorder. Numbers in parentheses refer to the average of
maximum rates taken within every realization. Different columns refer to differ-
ent temperatures. The 300 K rates were computed on the MD Hamiltonian.|[93]
Only downbhill rates have been considered in this analysis.

off-diagonal signals, which originate from both ground state bleaching and excited
state absorption pathways and reveal the exciton coupling between the B800 and
B850 rings.

Interestingly, even if all the relevant excited states are properly included in the
2DES simulations, one should also take into account the proper shape of excitation
and detection pulses, as implemented here. This refinement is mandatory if, for
example, one is interested in comparing the intensities of B800 and B850 bands in
simulated and experimentally recorded 2D maps (Appendix, Figure 2.7).

The downhill relaxation rates among the Q, excitons were analyzed for over
10 000 realizations of static disorder of the site energy (gaussian) distributions,
at 77 K and room temperature. For each realization of the disorder, the exciton
states were assigned to the B800(B850) ring on the basis of the participation of
the B800(B850) pigments to the exciton state. The average relaxation times over
10 000 system realizations of all the rates in each of the three channels (B800 —
B800, B800 — B850, and B850 — B850) as well as those obtained averaging just
the maximal rate of each channel, are shown in Table 1.1.

Calculated B800 — B850 transfer times are around 0.6-1 ps, in line with several
experimental findings.[112, 113, 114, 85, 95| The calculated rates depend on tem-
perature, with the mR 300 K rates being 66% faster than the 77 K rates. This is in
agreement with the temperature dependence of the BS0O0O — B850 energy transfer
in Rps. acidophila determined by pump-probe spectroscopy, where the 300 K rate
is ~60% faster than the 77 K rate.[112] Similar measurements on the LH2 of Rb.
spheroides show the same behavior for the inter-ring transfer times.[115] The good
reproduction of the temperature dependence of the rates shows the importance of
a detailed calculation of the excitonic Hamiltonian for the complex under different
conditions.

The intra-B800 relaxation rates are much harder to determine experimentally;
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Figure 1.5: Two-dimensional histogram plots of exciton relaxation rates versus exciton en-
ergies (modified Redfield theory using the TD-DFT/MMPol exciton Hamilto-
nian at 77 K). The histograms show the distribution of energy and relaxation
rates over 10 000 realizations of the site energy static disorder. The color range
indicates the number of occurrences. The contribution of the B800 states is
highlighted with a circle. Left: complete Hamiltonian with coupled rings; right:
Hamiltonian with the B800 ring decoupled from the B850 ring.

anisotropy decay spectroscopy at different temperatures on Rps. acidophila shows
that the intra-B800 transfer occurs on a 400-800 fs time scale at room temperature,[112]
also in agreement with three-pulse photon echo studies.[116] Our intra-B800 300 K
transfer rates are faster, indicating the limits of modified Redfield theory in describ-
ing the intra-B800 dynamics. Conversely, at 77 K, the calculated rates are much
closer to the experiment (240 fs),[112] suggesting that the energy transfer mechanism

is different at low and room temperature.

The results also show a weak dependence of the transfer rates on the excitation
transfer theory adopted. The main difference between sR and mR theories is that
in mR multiple quanta of energy can be exchanged between excitons and phonons,
even though sR exciton transfer rates can be larger than mR rates.[40] Modified
Redfield reduces to standard Redfield when the site energies approach degeneracy.
[40, 96] Our results point to a small influence of multiphonon relaxation, for the
average relaxation pathways, within our combination of exciton Hamiltonian and
energetic fluctuations.

Further insight into the rate analysis can be obtained by investigating the en-
ergy dependence of the relaxation rates. In Figure 1.5 we report two-dimensional
histogram plots of the exciton relaxation rate vs. exciton energy at 77 K. No-
tably, the exciton relaxation rates strongly depend on the exciton energy. In the
low-energy B850 region (< 12400 cm™!) the exciton relaxation rate rises with the

energy; a region with slow relaxation rates can be found around 12500 cm ™!, due to
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the low-energy end of the B800 band. At the blue edge of the B850 band we notice
excitons with a very fast relaxation rate (tens of femtoseconds). We also compared
the relaxation rates of the full Q, sector of the LH2 system with a Hamiltonian
where the B800 ring is decoupled from the B850 ring. The comparison with the
artificially decoupled system shows that coupling to the B850 states shortens the
lifetime (enhances the relaxation rate) of the B800 states. Finally, as the B850 states
in this energy region are optically dark, their lifetime can only be measured if these
states are mixed with the B800 states. In the B800 region the exciton lifetime gen-
erally decreases at higher energies. This is in agreement with polarized pump-probe
measurements and rate calculations on the LH2 of Rs. molischianum at 77 K.[117]
Although our computed exciton lifetimes are shorter than the measured polarization
relaxation times, it is important to notice that exciton relaxation rates also include
processes that may not change the polarization of the transition.[118]

A detailed statistics of delocalization length, dipole strength, and transfer rates
in the three lowest exciton states of LH2, which belong to the B850 ring, is reported
in Appendix, Figure 1.18.

1.3.2 The Carotenoid-Q, Region

The Car-Qx linear spectra at both 77 K and 300 K were simulated as described in the

Methods Section using the site energies and couplings reported in Appendix, Table

1.7. Due to the multiexcitation nature of the Car states, only the RASSCF/RASPT2/
MM level has been used for the excitonic Hamiltonian in this spectral region, relying

on the less expensive TD-DFT computations for the description of the chromophores

vibrations (within the spectral densities). The results at both temperatures, together

with the experimental spectra, are reported in Figure 1.6.

The computed spectra, at both 77 K and room temperature, compare well with
experiment, showing a similar shape, position and intensity of the absorption bands.
Nonetheless, the slight offset in the relative intensities of the Car vibronic peak
seems to point to a possible underestimation of the Huang-Rhys factors for the S,
state, which leads to a general overestimation of the 0-0 transition intensity. A
non-negligible blu-shift of the Car vibronic peaks is also observed, possibly related
to the level at which the Car structure was optimized (B3LYP/6-31G(d)).

Differently from the Q, region, available experimental 2D maps in the Car-
Qy region refer exactly to the same photosynthetic organism, namely the Rps.
acidophila.|97|

In Figure 1.7, we interpret the origin of experimental signals by artificially dis-

entangling the Car- and BChl-related regions. For such an analysis, we refer to
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Figure 1.6: Linear absorption spectra for the Car-Qy region computed at 77 K (a) and
300 K (b) using Forster transport, at the RASSCF/RASPT2/MM level of
theory. The experimental spectra are also reported (dashed line), taken from
ref. 100. All the spectra have been normalized with respect to the maximum
peak. Calculated spectra have not been shifted.

the extrapolated map (corresponding to t; — 0) obtained by Ostroumov et al.[97]
through a global target analysis of the measured 2D data.

From the (experimental) target analysis, the three main diagonal contributions
were assigned to ground state bleaching (and stimulated emission) signals from Car
Sy state (full triangle of Figure 1.7b), BChl Qy state (empty triangle), and an addi-
tional X state of Car (empty circle), located in between the Sy and Qy transitions.
The positive off-diagonal peaks were interpreted as additional signatures suggesting
the presence of this elusive Car X state: the strong below-diagonal cross-peak (full
diamond) was attributed to an ultrafast S; — X energy transfer, whereas for the
above-diagonal cross-peak (empty square) the origin was associated with a ground
state bleaching arising from mixed excitation of coupled Q, and Car X states.

We compare these experimental data with our simulated maps consisting, re-
spectively, of purely Car Sy state signals (Figure 1.7a), and purely BChl Q, state
contributions (Figure 1.7¢). On the diagonal of the two simulated maps, we ob-
serve the bleaching signals of the Car Sy (full triangle in (a)) and BChl Qy (empty
triangle in (c)) states. We also note that the broad Car S, signal has significant
contributions along the diagonal towards larger wavelengths, and that an additional
diagonal peak around 550 nm (open circle in (¢)) is present in the BChl Qy map.
This peak has to be attributed to the direct excitation of the first vibrational state
of the 1300-1400 cm ™! sequence of modes of the Q, state, especially the very intense
one at 1300 cm™! (see the spectral density reported in Appendix, Figure 1.10(a)),
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Figure 1.7: Calculated 2DES pump-probe maps at to = 0 obtained by separately com-
puting Car (a) and BChl (¢) contributions. (b) Short to component of the 2D
evolutionary-associated spectra obtained through a global target analysis of the
experimental 2D data.[97] The effect of the pulse shape has been taken into
account in the simulated maps. Simulated maps are normalized to their max-
imum. By convention bleach and stimulated emission contributions appear as
positive (red) signals, excited state absorption appear as negative (blue) peaks.
Full (referring to Cars) and empty (referring to BChls) geometric symbols are
used to indicate correlations between calculated and measured signals.

whose intensity is enhanced by the pulse shape envelopes. A quantification of the
effect of this mode on the 2DES map is reported in Appendix, Figure 1.21. Our
calculations therefore reveal a significant contribution on the diagonal, at the X po-
sition, deriving from both the broad Sy bleaching and the Q. vibronic state, which
can in principle explain the observed positive peak.

Moreover, we observe off-diagonal features that can be correlated to experimental
signatures, but providing a different interpretation for their origin: the sequence of
off-diagonal peaks that appear pumping the Car and probing at larger wavelengths
has to be assigned to the Sy stimulated emission (the full diamond and circle in (a)),
and the positive elongations of the experimental ), transition, at smaller excitation
and detection wavelengths with respect to the bleaching, originate from the vibronic
progression of the Q (the empty square and diamond in (c)).

The calculated spectra explain the main features of the extrapolated map in
terms of the Car bright (Ss) state combined with the Q, vibronic progression of
BChls. We must note, however, that the present theoretical analysis is limited to
early t population times without exploiting all the wealth of additional information
present at later times to definitely check the validity of the suggested interpretation.
Nonetheless, our analysis suggests that it is necessary to review the interpretation
of some of the observed signals, clearly indicating the importance of previously

unaddressed features, such as the Car Sy stimulated emission signals and the BChl
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Q vibronic signatures. The signals on and below the diagonal at the 560 nm
excitation wavelength cannot be unambiguously assigned to Car or BChl due to
overlaps of the Sy and Q, related signatures, indicating the difficulties present in
using these peaks for a definitive proof of the Car X state. Instead, the peak above
the diagonal (indicated with the empty square in Figure 1.7b) is not significantly
affected by any Ss-related signal. The oscillations of this off-diagonal peak have been
recently investigated using a global target analysis of the absorptive 2D signals.[119]
The resulting vibration-associated spectra (2DVAS) have been compared to those
of the isolated Car and the observed similarity has been used to confirm the Car
origin of the signal.

To unify all these theoretical and experimental findings it seems to be neces-
sary to invoke the presence of a Car dark state, either an additional electronic
state (the X state) or a very hot vibrational level of the low-lying S; state. The
RASSCF /RASPT?2 calculations give an electronic state with the same symmetry as
Sy but lying well above Sy; however, previous multireference DFT calculations|120]
have shown that the relative position of the electronic states in Cars strongly depend
on the geometry through variations in the bond length alternation. It is thus pos-
sible that geometrical fluctuations and/or distortions can bring the X state down
below the bright one.

Having analyzed the contributions of the two pigments separately, in Figure
1.8 we report a comparison between the computed Car-Q, coupled map and the
experimental spectrum at early ¢y time (ty = 22 fs).

At this short time, the Car region is expected to be dominated by the S, state
and higher-energy states reached from it. However, some features due to the dark
S state cannot be excluded, as assuming an internal conversion process 100-150 fs
long, S; can still be populated from S5. Indeed, we note that the negative signals at
the red side of the S5 bleaching, absent in the t; — 0 extrapolated map, and rapidly
increasing at larger to times, are likely due to the ESA from both Sy and S;. As in
our calculations the internal conversion to S; is not allowed and both S;_,,, and S5_,,,
ESA signals are not included, these negative signals are completely absent. Because
these negative signals lower the intensity and modify the shape of the positive S
SE, a much more intense and less red-shifted signal is present in the calculated map
(see Figure 1.8). We also observe that the negative signal at increasing excitation
wavelengths also contains pure Sy contributions, since a similar feature also appears
in the Car-only simulated map (Figure 1.7a).

As previously commented for the linear spectra, the relative intensity of the Q

band with respect to the Car S5 is weaker in the computed maps compared to the
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Figure 1.8: Comparison of simulated (d,e) and experimental[97] (f) 2DES pump-probe
maps of Rps. acidophila at 300 K and waiting time to = 22 fs. The cor-
responding linear absorptions (blue) and pulse shapes (red), along with the
relative experimental linear spectra (dashed line),[97] are reported in (a), (b)
and (c), respectively. In the calculated maps the pulse shape was adapted to
have the same overlap between pulses and absorption bands as the one reported
in the experiments. Panel (e) refers to a calculated map where Car Sy site en-
ergies and Qy transition dipoles have been scaled to match the position and the
intensities measured in the linear spectrum. Simulated maps are normalized to
their maximum. By convention, bleach and stimulated emission contributions
appear as positive (red) signals, excited state absorption appears as negative
(blue) peaks. The geometric symbols represent the same peaks as in Figure
1.7.

experiment. This difference is even more pronounced in the 2D (Figure 1.8d) due
to the multiple interactions between light and the transition dipole moments of the
molecules, which characterize this technique. Moreover, the calculated gap between
So and Q) states is slightly too large, leading to a too small spectral overlap between
these two signals. To check the effects of these deviations, we have recalculated the
2D map by introducing two corrections: (i) we have introduced a scaling of the Q
transition dipoles so to match the relative absorption intensities of the experimental
linear spectrum and (ii) we have separately red-shifted the Car Sy and the BChl Qy
site energies so to match the corresponding measured peaks in the linear spectrum
(see the linear spectra reported in Figure 1.8).

The comparison between the corrected (Figure 1.8¢) and the original calculated
2D maps shows that the main features are fully preserved, telling us that the method
used provides a robust description. This is further confirmed by the analysis of
the calculated rates of Sy — Qy energy transfer, obtained applying the Forster

theory. These transfers can be separated into three channels, that is, from Car to
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B&800, B850, and B8504, respectively. The fastest energy transfer occurs to the Q
state of BChl B850, which is the most strongly coupled to Sy (175 cm™! from our
calculations).[27] Its EET rate is predicted to be around 140 fs~* (or 110 fs™" if we
use the corrected energies). We predict slower EET rates to B800 and B850, around
1 ps~!. The resulting Sy depopulation time for EET to Q, states is ~120 fs (or 90
fs with the corrected energies). Assuming that the Sy — S internal conversion rate
of the Car is 130 fs™!,[121, 122] we estimate a 59% efficiency of energy transfer from
the Car to the Q, states, and a 48% efficiency of EET to B850« alone. These results
are in good agreement with several experiments,[121, 123] and in particular with the
rates estimated from fluorescence upconversion and coupling calculations.|[124] Our

calculations predict that the Q state of B850« is the main energy acceptor from
Ss.

1.4 Conclusions

Numerous quantum chemical approaches have been employed to describe LH com-
plexes through excitonic models (for a recent review see ref. 125). However, the
majority of these theoretical investigations concerned linear absorption spectra with
very rare extensions to 2DES spectra.|83, 82| Furthermore, due to the large size of the
multichromophoric aggregate of LH complexes, and the very heterogeneous compo-
sition of the embedding, rather approximate QM methods (mostly of semiempirical
nature) and/or simplified descriptions of the environment have been generally used.
Indeed, the application of ab initio methods have been mostly limited to benchmark
studies on the electronic properties of single pigments.|91]

Here, for the first time, the simulation of linear and 2DES spectra of LH2 over the
entire Car-Qy plus Q, VIS-NIR region has been presented by integrating quantum-
chemistry and electron-phonon exciton models. Single and multireference QM meth-
ods have been combined with electrostatic and polarizable classical embeddings to
properly account for the effect of the protein in all the steps of the simulation. On
the one hand, TD-DFT /MMPol computations have been proved to achieve a refined
description of the effect of the environment in the Qy region via a precise reproduc-
tion of the B800-B850 bands splitting. On the other hand, the multiconfigurational
multireference RASSCF/RASPT2/MM approach provides an accurate description
of the Car-Q, region. All these data were used as input parameters for the con-
struction of exciton Hamiltonians able to describe the manifold of states of the LH2
complex.

In particular, we have shown that, in addition to the molecular components and
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the accurate description of the environment effects, the modeling of 2D maps must
include the pulse envelopes in order to achieve a reliable and complete comparison
with experiment. Most importantly, the possibility of artificially switching on and
off interactions among the different components of the multichromophoric systems,
provides a unique tool for interpreting the origin of the different signals which overlap
in the highly congested experimental spectrum. This analysis is especially effective
in the Car-Q, region, where we have given a possible interpretation of the main
features of the very-short time 2DES spectrum in terms of the bright Sy and Q
vibronic progression of Car and BChl, respectively. By combining these results with
those obtained from a global target analysis applied to 2DES data,[119] we have
reviewed several observed signals and reinforced the hypothesis that a contribution
coming from a dark state of the carotenoid lying in between the Sy and the Q) is
likely to be present; if this is an additional electronic state (the previously suggested
X state) or a high-energy vibrational level of the S; is still an open question that
calls for further investigation.

We have further shown that the integration of multiscale models and experiments
is crucial: only by combining the “independent” results from accurate quantum chem-
ical based methods and detailed 2DES experiments, the complex network of energy
transfer routes in LH2 (and in other LH systems) can be definitely revealed. To
do that, however, two important improvements are still needed in the theoretical
strategy. The ESA signals of Cars, in particular those from S;, which become in-
creasingly important for longer waiting time, have to be explicitly included to follow
the system evolution and simulate time resolved 2D maps. Moreover, a detailed
account of possible geometrical distortions of the pigments (especially the Cars) due
to temperature-dependent fluctuations of the protein is necessary, as this mechanism
could affect the relative energy and the nature of the excited states involved in the

excitons and in the energy transfer processes.
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1.5 Appendix - LH2

1.5.1 Structure preparation

For all calculations, we employed the crystal structure of LH2 (PDB code: 1NKZ)
resolved at 2.0 A[101]. This structure only contains a third of the whole complex,
and the three monomeric units explicitly contained in the PDB file are not identical.
To ensure a Cy symmetry, we considered only one monomer, which was replicated
over the symmetry axis.

Hydrogen atoms were added by using the LeAP module of AmberTools,[126]
considering all the titrable residues in their standard protonation state. All Histidine
residues were kept in the e configuration except the ones axially coordinated with
the B850 BChls. The positions of the hydrogen atoms were then relaxed at MM
level using Amber14.[126] In all calculations, the phytyl tail of the BChl molecule
was truncated at the CAA-CBA bond, and assigned to the classical part. The
crystal structure of the Car molecule was refined optimizing the bond lengths at the
B3LYP/6-31G(d) level.

1.5.2 Exciton Model

The multichomophoric system is described in terms of an exciton Hamiltonian, as
described in the main text. The approximation made by separating the LH2 Hamil-
tonian into two blocks for the @, region and the carotenoid/Qy region is justified
by the large energy difference between the two excited state manifolds.

We used the following charges for QM /MM calculations: the Amber ff99SB[127]
force field for the protein, literature parameters for BChls,[128] and for the Cars
an approach recently developed in our group using a TD-DFT based strategy [129].
For the QM /MMPol calculations, isotropic polarizabilities and charges of the pro-
tein were taken from the literature.[130] For the pigments, atomic MMPol charges
were fitted self consistently with the atomic polarizabilities according to the dipole
interaction model adopted.[131] A cutoff of 12 A from the atoms of the QM pigment
was used to define the polarizable MM region.

Site energies and couplings were computed in the environment of GS charges
(and also polarizabilities in QM /MMPol calculations) of both the protein and the
other molecules. The use of GS charges for all the terms of the exciton hamiltonian
is here justified as the GS and ES permanent dipoles of the states of interest have
been found to be very similar.

As stated in the main text, we also made use of the exciton Hamiltonian obtained
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along a molecular dynamics trajectory in order to calculate the spectra at 300 K
temperature. We have previously shown|[93| that the exciton Hamiltonian of LH2
depends on temperature, in particular as regards the nearest-neighbor B850 exciton

couplings, in agreement with excitation anisotropy data.[107]

1.5.3 Linear and non-linear spectra

The two spectral regions investigated in this work contain contributions from transi-
tions of different nature. The near-IR characteristic signal arises from the excitonic
nature of Q, states. It is well established that the B850 BChls are strongly cou-
pled, whereas the B800 BChls are more weakly coupled. There is a non negligible
interaction between the two rings.

We employed the disordered exciton model with both sR and mR theories to
describe exciton relaxation within the Qy, band. The applicability of second-order
transport theories to light-harvesting antennae has been questioned. The state-of-
the-art hierarchical equations of motion (HEOM) method should properly describe
the exciton dynamics regardless of the relative strength of exciton coupling and
exciton-phonon coupling. However, for systems with large number of states, like the
LH2 manifold of 27 Q,, states, the HEOM approach is too computationally expensive.
Redfield theory, which describes the strong exciton coupling limit, is suitable for the
strongly coupled excitations within the B850 ring, but the B800 ring calls for more
caution. A benchmark study of a disordered B800 ring (in Cg symmetry), conducted
by Novoderezhkin and Van Grondelle, showed that the modified Redfield results
agree with the numerically exact HEOM method,[89] at least in the description of
linear spectra. The disordered exciton method with modified Redfield (mR) theory
has also been successfully employed to describe spectra and dynamics of the B850
ring.[132, 133] More recently, the whole Q, sector of the LH2 system has been
studied with standard Redfield (sR) theory to describe the temperature dependence
of 2DES spectra at zero population time.[80] The short-time dynamics needed for
these maps justified the use of Redfield theory.

Static disorder was modeled by allowing random Gaussian uncorrelated fluctu-
ations of the site energies (See Table 1.2). Spectra were averaged over the static
disorder by increasing the number of samples N until convergence of the spectral fea-
tures. In particular N was set to 500(1000) for T=77 K Q, 2D maps(linear spectra),
250(1000) for room temperature Qy 2D maps(linear spectra). For each realization
of the disorder, the Exciton Hamiltonian of Eq (1.1) is diagonalized, obtaining ex-
citon energies £, and exciton coefficients C7 for every state [n). The intra and

inter-band downhill relaxation rates were analyzed along the disorder realizations
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by assigning the exciton states to either the B800 or the B850 ring on the basis of
the wavefunction amplitude |C’]’-l|2.

The Car-Q, manifold of states comprises the Sy bright states of 9 Car molecules,
plus the Q, states of the 27 BChls. An analysis of the energy scales in play in
this manifold shows that the excitations should be rather localized in this manifold:
in fact, Car-Car couplings (< 60 cm™!, see Table 1.7) are much smaller than the
Car’s reorganization energy (~1700 cm™', Table 1.2), and the Car/Q, site energy
difference (= 3000 cm™!) prevents the delocalization between Car and Q, states.
The dynamics within the Car-Qy region was described by Forster theory, taking
into account the presence of static disorder by averaging the optical properties over a
Gaussian distribution of site energies.[134| For every realization of the static disorder
(see Table 1.2) a different spectral overlap is obtained for every pair of pigments. We
stress the fact that a different relative positioning of the computed transitions (the
Sy for the Car and the Q, for the BChls), with respect to the experimental ones,
may result in a different magnitude of the computed and experimental rates. The
total relaxation rate for every pigment contributes to the homogeneous broadening
of linear and non-linear spectra. 2DES maps were computed at room temperature
from an average of 200 realizations (maps converge after 100 realizations).

Unless otherwise noted, we report the real (absorptive) part of 2DES simulated
maps; by convention, bleach and stimulated emission contributions appear as posi-
tive (red) signals, excited state absorptions appear as negative (blue) peaks.

For all simulations we used a non-chiral zxxz pulse polarization sequence. We
have accounted for the real shapes (finite frequency width and fixed center position)
of the laser pulses by weighting the calculated 2D maps with experimental-like laser
spectrum envelopes. These envelopes were reproduced with a skewed Gaussian func-
tion. The calculated third-order response in the frequency domain was multiplied
by the (real) laser pulse shape envelope E(w) along the w; and ws axes in order to

simulate the detected signal, as
Sg;(w;g, tQ, (.4.)1) = 5(3) <W3, tz, wl)E(wl)E(wg) (12)

1.5.4 Spectral densities and static disorder

Spectral densities of the exciton-phonon coupling have usually been computed with
the vertical gradient approach of ref. 28 (Part I, Section 3.1.4), described in previous
parts of the Thesis.

The spectral densities (SD) of the different transitions were modeled as a sum
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of one overdamped Brownian oscillator|30] and M discrete contributions:

M

) =D g+ DS G 09
where j indicates the transition of interest (BChl B800, B850«, B8503, or Car),
m runs on the vibrational modes of the pigment, A, is the continuous contribution
to the reorganization energy, and 7. is the damping parameter of the overdamped
Brownian oscillator. Finally, w,, ; and S,, ; are the frequency and Huang-Rhys factor
of mode m and transition j. 7, is the damping parameter for discrete modes, which

was set to 5 cm™!. The total reorganization energy is then given by:

0o ) M
)\j = / M dw = )\c,j + Z Sm,j me (14)
0

W
m=0

T=7TK T =300 K
Pigment (Tr.) Ad o Ve Ae Aot o Ve A Aot

B850a (Qy) 143 250 100 80 223 250 100 280 423
B8505 (Qy) 165 250 100 80 245 250 100 280 445

B800 (Qy) 139 60 100 80 219 40 100 50 189
BChl (Qy) 331 150 100 120 451 50 100 120 451
RGT (Sy) 1430 300 25 300 1730 220 25 300 1730

Table 1.2: Parameters of the static and dynamic disorder used in this work. Parameter
Aq is the (calculated) discrete contribution to the reorganization energy (second
term of the rhs of Eq. 1.4), Aot is the total reorganization energy. The standard

deviation of the static disorder on site energies is denoted as o. All values are
1

incm™".
The discrete part of the SD was determined from a normal mode analysis|28]
of the pigments in the crystal structure, employing the following procedure: the
geometry of every pigment was first relaxed to the ground state minimum using a
QM/MM ONIOM scheme[135] with frozen MM environment, followed by frequency
calculations. The Huang-Rhys factor S,, ; of each mode m was computed by project-
ing the gradient of the excited state j on the ground-state normal mode m.[28] All
calculations were performed at the (TD)B3LYP/6-31G(d):AMBER level of theory.
The reorganization energies for the discrete and continuous parts of the spectral
densities are reported in Table 1.2. The spectral densities used in this work for all
chromophores are shown in Figure 1.9 and 1.10.
The width of static disorder for the Qy region was taken from ref. 80 and adapted

to the calculated exciton Hamiltonian, which is clearly different from that of ref. 80.
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Figure 1.9: Spectral densities of the BChl’s Qy transitions. Different colors refer to different
BChls. The solid lines refer to the spectral densities used for 77 K simulations,
whereas the dashed lines refer to the 300 K ones.

The parameters were adapted to reproduce the broadening of the linear absorption
peaks. These parameters are also similar to those used by Scholes and Fleming
within Generalized Forster theory.[136]

We note that the whole Hamiltonian is temperature-dependent,[93] and our dis-
order parameters should be differently tuned for the 77 K and 300 K spectra. The
continuous part of the spectral density is not constrained to be independent of tem-
perature, as this part represents the many anharmonic, low-frequency modes of the
protein and the solvent, which can depend on temperature. Indeed, this possi-
bility was previously invoked in order to model 2DES spectra of LH2 at different

temperatures.|[80]

1.5.5 RASSCF/RASPT?2 details

RASSCF calculations were performed within a State Average (SA) approach followed
by Single State (SS) or Multi State (MS) RASPT2 perturbative corrections. An
IPEA shift of 0.0 a.u.[137] and an imaginary shift of 0.2 a.u.[138] were used. The
environment was included as an electrostatic embedding of fixed point charges, as
outlined in the main text. All these quantum-mechanical calculations were carried
out with software package MOLCAS version 8.1.[10]. All calculations employed a
6-31G* basis set.
A similar multi-configurational multi-reference quantum chemical approach, which

make use of a SA-RASSCF/RASPT2 computational scheme, was recently proposed



1.5 APPENDIX - LH2 157

18 160

. @ o ®

14 120

12

—_
o
o

60

Spectral density (103 cm_l)
. 3 1
Spectral density (10” cm™ ")
[e]
o

40

2 20

0 400 800 1200 1600 2000 0 400 800 1200 1600 2000

Wavenumbers (cmfl) Wavenumbers (cmfl)

Figure 1.10: (a) Spectral density of the Qy transition of BChl B850«; (b) Spectral density
of the Car’s S2 transition.

by De Vico et al.[91] In the Q, region we used a SA-2 RASSCF(2,11}4,4|2,9)/MS-
RASPT2 approach, with an AS composed by all the 7 orbitals of the macrocycle
ring. We observed that MS-RASPT2 computations introduce negligible corrections
with respect to SS-RASPT?2 for these two roots.

In the Car-Qy region we used a SA-15 RASSCF(2,10/4,4|2,10)/SS-RASPT2
approach for the Car, and a SA-5 RASSCF(2,114,4|2,9)/MS-RASPT2 approach
for the BChls. BChls RASSCF roots 3 and 4 appear heavily mixed (e.g., 29% of H
— L+1 and 34% of 2H — 2L for root 3 and 26% of H — L+1 and 29% of 2H — 2L
for root 4 in B850«r). Therefore, a MS-RASPT2 procedure was used on these roots
to produce correct energy values and compute corresponding transition dipoles and
transition densities. Since BChls SA-5 RASSCF /SS-RASPT?2 roots 1 and 2 returns
the same energy values we found for SA-2 (MS- and SS-RASPT2, see discussion
above for the Q region) we did not include them in the MS-PT2 procedure.

The transition densities (needed for the computation of the couplings between
the chromophores) were computed combining the cubes of the Active Orbitals, ¢;(r),
with the transition density matrices of the RAS orbitals, C;;(r), and both quantities
were obtained using Molcas 8.1 as outlined in Part I of the Thesis.

Table 1.3 and Table 1.4 summarize the properties of low lying excited states in
BChls and CAR.
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Table 1.3: Qy Region: properties of BChls ground and first excited state (Qy) by the SA-2
RASSCF(2,11/4,4|2,9)/MS-RASPT2 calculations in the chromophores electro-
static embedding. Only configurations with weight larger than 5% were in-
cluded.

Chromophore Root (State) AFE%,sppy f&, Configuration® Weight®

B850« Root 1 (GS) 0 - SCF-GS 65.7%
Root 2 (Q,) 12533 0.38 H- L 59.2%

H-1 — L+1 8.4%

B85043 Root 1 (GS) 0 - SCF-GS 51.8%
H— L 23.6%

Root 2 (Q,) 12279 045  SCF-GS 22.9%

H—L 51.8%

BSOO Root 1 (GS) 0 ] SCF-GS 59.1%
H— L 13.2%

Root 2 (Q,) 12503 040  SCF-GS 12.6%

H—L 55.4%

H-1 = L+1 5.5%

@ From MS-RASPT2 computations (energies are in cm™1);
b fo_1 oscillator strengths are obtained by use of RASPT2 energies;
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Table 1.4: Car-Qyx Region: properties of the BChls and Cars lowest excited states
by, respectively, the SA-5 RASSCF(2,11/4,4|2,9)/MS-RASPT2 and SA-15
RASSCF(2,10/4,4/2,10)/SS-RASPT2 calculations in the chromophores elec-
trostatic embedding. Only configurations with weight larger than 5% were

included.

Chromophore Root (State) AE%,opry fo, Configuration® Weight®
B8500 Root 1 (GS) 0 - SCF-GS 68.3%
Root 2 (Q,) 12366  0.40 H— L 61.2%

H-1 — L+1 8.4%

Root 3 (Qx) 17300 0.12 H— L+1 11.8%

H-1 - L 53.3%

Root 4 20795 0.00 2H — 2L 59%

B850 Root 1 (GS) 0 - SCF-GS 52.4%
H—L 20.2%

Root 2 (Q,) 12577 039  SCF-GS 17.9%

H—L 51.1%

Root 3 (Q.) 16699  0.03 H— L+l 18.3%

H-1—L 24.6%

2H — 2L 23.9%

Root 4 20967 0.09 H-1—L 20%

2H — 2L 38%

B800 Root 1 (GS) 0 - SCF-GS 69.1%
Root 2 (Q,) 12104  0.41 H—L 61.3%

H-1 — L+1 6.7%

Root 3 (Q)) 17432 013 H— L+l 6.6%

H-1— L 51.8%

H-1H — L 11.3%

Root 4 19204 0.00 2H — 2L 59%

CAR Root 1 (GS) 0 - SCF-GS 65.3%
Root 2 (S1) 21112 0.00 H— L+l 13.8%

H-1—L 17.6%

2H — 2L 29.1%

Root 3 (S2) 21039 2.7 H-L 65.4%

@ Epaspr2 energies (in cm~!) are SS-RASPT?2 for roots 1 and 2 and MS-RASPT?2 for roots 3 and 4;
b fo_1 oscillator strengths are obtained by use of RASPT2 energies;
¢ Roots 1 and 2 from SS-RASPT2 computations, while roots 3 and 4 from MS-RASPT2.
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We hereafter report a plot of the orbitals included in the Active Space for the
SA-2 B850« and for the CAR. The B8504 and B800 Active Space orbitals (both
with SA-2 and SA-5) are similar.

1.96 1.99

1.97 1.96 1.97

1.98 1.95 1.99

1.97 1.94

Figure 1.11: RAS1 of BChl . Average occupancy is reported below each orbital.

HOMO-1 (1.81) HOMO (1.47) LUMO (0.58) LUMO+1 (0.17)

Figure 1.12: RAS2 of BChl a.. Average occupancy is reported below each orbital.
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0.07 0.02 0.03

0.03 0.03 0.02
Figure 1.13: RAS3 of BChl a.. Average occupancy is reported below each orbital.
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Figure 1.14: RAS1 of Car. Average occupancy is reported below each orbital.

HOMO-1 (1.43) HOMO (1.25)

LUMO (0.52) LUMO+1 (0.56)

Figure 1.15: RAS2 of Car. Average occupancy is reported below each orbital.



1.5 APPENDIX - LH2 163

0.03 0.07

0.04 0.03
0.02 0.02

0.02 0.02

Figure 1.16: RAS3 of Car. Average occupancy is reported below each orbital.
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1.5.6 Definition of couplings

In Figure 1.17 we define the main couplings across the LH2 system.

B850
= B850p

Wiy Ve B80OY
Ca ® CAR

Figure 1.17: Electronic coupling definition. BChls are highlighted using the following color
code: yellow for B850-«, red for B850-3, green for B800-y. The Car is high-
lighted in purple. The superscript ranks proximity according to center—center
distance. Note that the system has a C9 symmetry and the labels for equiv-
alent coupling terms are reported only once. Couplings smaller than 5 cm ™!
are not indicated. Left: couplings involving BChls only. Right: couplings
involving the Car.

1.5.7 Qy region

The exciton Hamiltonians for the Qy region calculated with the two alternative
strategies (namely RASSCF combined with an electrostatic embedding and TD-
DFT combined with a polarizable embedding) is detailed in Table 1.5. Here we only

1

show couplings larger than 5 cm™, even though all couplings were considered in

spectra calculations. The couplings are defined in Figure 1.17.

Relaxation rates The downhill relaxation rates among the Q, region excitons
of LH2 were analyzed for over 10 000 realizations of static disorder site energy
distributions, for the full LH2 Q, Hamiltonian and for a Hamiltonian in which
the inter-ring couplings are all set to zero. For each realization of the disorder, the
exciton states were assigned to the B800(B850) ring on the basis of the participation
of the B800(B850) pigments to the exciton state. The average of 10 000 realizations
is shown in Table 1.6 as a relaxation time. We show the average of all B800 —
B800, B800 — B850, and B850 — B850 transfer rates, along with the average of the
maximal rates taken within every realization. Notably, assignment of states is exact
when the two rings are completely decoupled, but, in the general case, the excitons

could be partially delocalized over the two rings.
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Table 1.5: Site energies and couplings (in cm™!) for the Qy region computed at the three
different levels of theory, including the values computed on a MD trajectory at
room temperature. [93] The couplings are defined according to Figure 1.17.

TDDFT RASSCF/PT2 TDDFT TDDEFT (MD,300K)

MMPol MM MM MMPol

B850« 11163 12533 11963 12799

Site energy B8508 11030 12279 11900 12806
B800~ 11351 12503 12074 13021

VC}B 409 474 288 317

Vjﬂ 362 563 336 339

V3, 25 26 24 20

Intra-B850 Voj‘ﬁ 24 22 23 18
VL 87 -83 91 -66

V2 -14 -10 -11 -10

Vi -59 -69 -63 51

Vs <5 8 8 <5

Vo, 59 46 44 42

B&50-B&00 ny -20 -22 -19 -16
Vi, -12 -9 -8 -10

Vi -6 -11 -11 -3

Intra-B800 V! -50 -46 -A7 -32

The calculated average transfer rates as obtained from the sR and mR models
are shown in Table 1.6.

Figure 1.18 shows the statistics of delocalization length, dipole strength, and
transfer rates in the three lowest exciton states of LH2, which belong to the B850
ring. The lowest exciton state has a dipole strength that is larger on average than
the isolated BChl, and becomes darker the more this state delocalizes over many
BChls. The delocalization length, ~8 on average, has a very spread distribution, but
remains always larger than 2. The delocalization of the lowest state also gives rise
to a larger transfer rate from the second state. The second and third states, which
roughly correspond to the +1 states of a perfect ring, are responsible for the 850
nm absorption peak, showing a dipole strength that is ~6.5 times the single BChl.
The relaxation rate between these states is rather low, as expected from the low
wavefunction overlap,[132, 133] and lower than the relaxation rate from the fourth

state.
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Coupled Decoupled
77T K 300 K 77T K 300 K
Modified Redfield
B800 — B800 321 (81) 196 (60) 239 (65) 175 (53)
B850 — B850 244 (36) 137 (25) 220 (31) 123 (23)
B800 — B850 1045 (85) 630 (79) n.a. n.a.
Redfield
B800 — B800 317 (100) 168 (64) 227 (73) 142 (56)
B850 — B850 244 (26) 142 (19) 219 (23) 130 (18)
B800 — B850 1032 (79) 670 (65) n.a. n.a.

Table 1.6: Average transfer times (in fs) of the LH2 ring. Numbers in parentheses refer to
the average of maximum rates taken within every realization. Different columns
refer to different Hamiltonians, which can include (Coupled) or not (Decoupled)
the inter-ring couplings. The 300 K rates were computed on the Hamiltonian
taken from molecular dynamics simulations.[93] Only downhill rates have been

Exciton dipole strength (rel. u.)

Transfer rate (ps1)

considered in this analysis.

Inverse Participation Ratio

k=1 k=2 k=3
.!‘ I‘
o - -
w,
-
T I B T T T T 1 T T T T T T
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15
k=1; R;, k=2; Ry3 k=3; R34
o~
I e e T — T T T
0 3 6 9 12 15 0 3 6 9 12 15 0 3 6 9 12 15

18

Figure 1.18: Two-dimensional histogram plots of dipole strength and downhill relaxation
rate versus the delocalization length measured as inverse participation ratio
(IPR). The three lowest exciton states are considered; these states are delo-
calized across the B850 ring. The top panel depicts the relationship between
dipole strength of state k (relative to a single BChl) and the IPR of the same
state. The bottom panel depicts the relationship between the downhill trans-
fer rate between two successive states (R, y41) and the IPR of the lower state

k. Results obtained at the TD-DF'T level of theory.
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Rephasing 2DES Map We report in Figure 1.19 the calculated absolute value
of the rephasing 2DES map of the Qy region, for comparison with the one measured
for Rb. Sphaeroides.[111]
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Figure 1.19: Absolute value of the Rephasing 2DES map of the Q region, calculated at
300 K and t3 = 0. The color map is adapted for comparison to Ref. 111. The
calculated map accounts for the shape of the excitation pulse.[111]

1.5.8 Effect of the pulse shape

In Figure 2.7 we report a comparison between the same map obtained including or

not the proper pulse shape.

880 900

Excitation wavelength (nm)
820

800

780

780 800 820 840 860 880 780 800 820 840 860 880 900

Detection wavelength (nm)

Figure 1.20: Comparison between the simulated 2DES pump-probe maps with (d) and
without (c) including the pulse shape. The maps are referred to the Qy
region and they are calculated at zero population time at 300 K using the
modified Redfield theory of transport. The corresponding linear absorptions
(blue) and pulse shapes (red) are also reported in panels (a) and (b). The
color map convention corresponds to the one reported in Figure 3.
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1.5.9 Carotenoid-Q, region

Excitonic Hamiltonian The site energies for the Car-Q, region, which are com-
puted at the RASSCF/RASPT2/MM level of theory, together with the relevant

(non-negligible) couplings, are detailed in 1.7.

Table 1.7: Site energies and couplings (in cm™!) for the Car-Qy region computed at
RASSCF/RASPT2/MM level of theory. The couplings are defined according
to Figure 1.17.

RASSCF/RASPT2/MM

Car 21039

Site oneray  B8300 17300
¢ eneEY  pgsop 16700
B800y 17432

Vs 2

Intra-B850 VO?B 90
v 14

B850-B800 VL 11
V2 7

Intra-B800 V'ylv 7
CAR-BChl V., 175
V2, 15

V3, 10

Vi, 24

Ve, 54

Ve, 63

VZ, 49

Ve, 15

CAR-CAR V. 57

Analysis of the Q, 2DES map In Figure 1.21 we report the comparison of
2DES maps obtained for the QQy region, using the spectral density of Figure S2, and
a modified one, in which we have switched off the strong 1300 cm~! mode. The
strong quenching of QQ, vibronic signatures in the map, and complete disappearance

of the diagonal positive peak after the removal of this mode can be clearly seen.
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Figure 1.21: Comparison of the Qyx 2DES map including and excluding the normal mode
around 1300 cm ™. (a) same map as Figure 6c. (b) 2DES map with modified
spectral density, where the intense mode around 1300 cm ™! is removed and
consequently the Qx vibronic contributions are suppressed.



CHAPTER 2

Two-dimensional Electronic Spectroscopy provides Direct
Evidence of Ultrafast Carotenoid to Retinal Energy Transfer in
Xanthorhodopsin

The work presented in this Chapter, performed in collaboration with
the experimental group of Prof. Giulio Cerullo (Politecnico di Milano,

Milano, IT), is in preparation for submission.

2.1 Introduction

Xanthorhodopsin (XR) of the extremely halophilic eubacterium salinibacter ru-
ber[139], is a light-driven transmembrane proton pump with two chromophores: an
all-trans-retinal (RET), which is responsible for the proton transport function, and a
C40 carotenoid (CAR) salinixanthin[140], which acts as a light harvesting antenna.
It represents one of the simplest photosynthetic protein complexes for the study of
excitation energy transfer: a perfect donor-acceptor pair, with the carotenoid bound
to the protein in a 1:1 ratio. The complex excited state structure of the salinixanthin
includes the bright S state, responsible for the strong absorption in the blue-green
spectral region, and a dark state, S, lower in energy and populated via Sj-to-S;
internal conversion (IC) on a sub-picosecond timescale. The existence of additional
dark states (e.g. the so-called S* state), located between the S; and S states, has
also been proposed in previous studies.[141, 142] In the protein-bound retinal, the

reactive S state is known to undergo an ultrafast isomerization from all-trans to

170
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Top view Side view

Figure 2.1: Crystal structure of XR (PDB code: 3DDL) resolved at 1.9 A[144]. Pigments
are highlighted in red.

13-cis (see energy level scheme depicted in Figure 2.5a).[143]

The resolved XR crystal structure[144] (Figure 2.1) reveals a 46° angle between
the two chromophore molecular axes, and a center to center distance of 11.7 A.
Steady-state spectroscopic studies [145] were performed on both XR system and
NaBHy-treated XR, so-called reduced-xanthorhodopsin (RXR). The NaBH, treat-
ment blue-shifts the absorption energy of the RET, due to hydrogenation of the
retinal Schiff base double bond, and prevents energy transfer without perturbing
the CAR binding site. In both samples, well-resolved vibronic absorption bands of
salinixanthin bound to XR are observed|[146| (see Figure 2.2). Action spectra' for
proton transport[146, 147| as well as fluorescence excitation spectra of the retinal
chromophore[145| showed that light absorbed not only by the retinal but also by
the carotenoid is employed for function. Quantum yields of emissions and energetic
positioning of the chromophore states, indicate that the EET route should proceed
from the extremely short-lived CAR S5 state to the reactive retinal S;. The effi-
ciency of this process was estimated to be between 30% and 50%,[146, 147, 145]
suggesting an ultrafast EET process able to compete with the sub-picosecond CAR
Sy — Sy IC. Femtosecond transient absorption (1DPP) studies|148, 149] have been
employed to directly investigate the dynamics of CAR — RET EET and CAR
Sy — 51 IC in XR. These studies provide a further support to the postulated EET
pathway as well as an estimate of its rate ((192+30 fs)~! [148], (165425 fs)~! [149],

LAn action spectrum correlate the rate of a given process to the wavelength of light that have
produced it.
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to be compared with the IC rate of (66 fs)™! [149]). However, overlapping signals
from the single chromophoric species (RET and CAR), that further superimpose
with the EET signals, lead to congested spectra whose interpretation is not always
straightforward.

By spreading the signals along two frequency axes, time resolved two-dimensional
electronic spectroscopy (2DES) is the elective technique to both decongest spectra
and follow the direct signal of an EET process. This will appear as a cross peak
between the two interacting chromophores, whose shape and evolution in time allows
to directly probe its dynamics. Support by theoretical modeling is also mandatory to
interpret the signals and disentangle the different components observed, specifically
when spectrally congested regions persist.

In the present study, we compare experimental two-dimensional electronic spec-
troscopy of XR and RXR system with simulated CAR maps, aimed at revealing
direct signatures of CAR — RET EET. We demonstrate that the clear increase of
the signal at early times at the CAR-RET cross-peak, is indeed a signature of the
EET route from the bright S, state of the CAR to the S} of the RET. By accounting
for all the signals observed, we unravel the different processes that take place after
excitation of the CAR moiety, and explain their dynamics. Eventually, and most
remarkably, we provide evidence for a vibrationally driven Sy — S; EET process

whose efficiency is controlled and promoted by CAR ground-state vibrational modes.

2.2 Theoretical Modeling

The electronic structure parameters of the Sy state of the salinixanthin (CAR) moi-
ety in both XR and RXR, were tuned to fit the red side of the experimental RXR
absorption spectrum (less affected by the presence of the reduced retinal absorp-
tion). The main ingredients of the model include vertical excitation energy, transi-
tion dipole moment, and the strong intra-molecular C-C and C=C stretching modes
(centered at 1155¢m ™! and 1520cm ™!, respectively, in accordance with the Fourier
analysis of XR spectral modulations[148|), responsible for the pronounced vibronic
structure observed in the linear spectra (Figure 2.2). The lifetime of the Car Sy
state was accounted for, and set to 120 fs in the RXR (matching the Sy — S inter-
nal conversion rate experimentally observed[149]) and to 60 fs in the XR (assuming
a 50% efficiency for both Sj-to-S; IC rate and carotenoid-to-retinal EET rate, as
suggested by recent pump-probe experiments|[149]). Higher energy carotenoid ex-
cited states were also included in the model to reproduce the measured excited state

absorption (ESA) signals (S; — Sy, and S* — S transitions), and their parameters
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Figure 2.2: Experimental absorption spectra of XR (black solid line) and RXR (dashed
line), together with their difference (gray filled curve), which reveals the RET
absorption. The theoretical RXR absorption (red solid line) does not contain
the reduced retinal contribution in the blue side of the window. The pulse
shape (measured upstream of the sample) is also reported (blue solid line).
The experimental spectra were adapted from ref. 145.

were fine-tuned to reproduce 2DES cuts at early times. All the model parameters
are summarized in Appendix, Tables 2.1 and 2.2. The coupling of all the transitions
to the continuum bath was modeled through a spectral density (adapted from ref.
150), and the static disorder of the Sy excitation energy was introduced. In the
simulation of 2DES maps, we have accounted for the finite time duration of the
pulses by convoluting the maps (along t5) with a gaussian function, whose width
was determined as the time-width of the pulses (Appendix, Section 2.4.3). A Stokes
shift of 240 cm™! for the RXR-CAR and 270 cm™! for the XR-CAR, was applied
to the simulated Stimulated Emission (SE) signals, to reproduce the 2DES cuts at
early times.

The comparison between experimental absorption spectra of XR and RXR and
the theoretical CAR (salinixanthin) curve are shown in Figure 2.2. As previously
reported[149, 145]|, the reduction of the retinal chromophore after treatment with
NaBH,, produces a quenching in the absorption from 450 nm to the red side of the
spectrum, accompanied by an increase of the absorption below 450 nm. The differ-
ence between the XR and the RXR curves (grey filled area of Figure 2.2) therefore
reveals, in this region of the spectrum, the retinal contribution to the overall XR
absorption. The theoretical RXR absorption spectrum matches the experimental
one in the red side of the considered window, while it is considerable less intense in

the blue side, where reduced retinal contributions (not accounted for in the model)



2.2 THEORETICAL MODELING 174

XR RXR RXR (THEO) CUTS

20 fs

Excitation wavelength (nm)

t2

150 fs

t2

500 520 540 560 580 600 620 640 660 680 520 540 560 580 600 620 640 660 680 500 520 540 560 580 600 620 640 660 680 500 520 540 560 580 600 620 640 660 680 700

Detection wavelength (nm) Detection wavelength (nm)

Figure 2.3: Experimental 2DES XR maps (a-b), experimental 2DES RXR maps (c-d),
simulated RXR maps (e-f) and cuts of these maps (g-h) at different waiting
times. The experimental maps were normalized to a common maximum value
at every selected to time. Theoretical maps were also normalized to the max
at every to. The 2D-cuts (experimental) were taken averaging the signal in the
pump rage 515-530 nm.

are present. Note also that the negligible shift of the CAR transitions in XR and
RXR indicates that CAR and RET are not forming delocalized exciton states, as
they maintain their individuality in both samples. Figure 2.2 also shows the experi-
mental pulse shape employed in the PP measurements, which overlaps only with the
tail of the CAR S, transition: the impact on the spectra of the finite pulse shape
bandwidth is summarized in Appendix, Section 2.4.3.

In Figure 2.3, a sequence of experimental 2DES spectra at different waiting times
ty for the XR and the RXR samples, together with simulated RXR spectra and 2D
cuts comparison of the various maps is presented. In the experiments, the XR and
RXR samples concentration was adjusted to have the same absorption at 490 nm.
At ty = 20 fs (first row of Figure 2.3) the main detected signals in both samples are
the positive GSB (diagonal peak) and SE (sequence of peaks from the diagonal to
the red side of the spectrum) of the salinixanthin Sy state, as further confirmed by
the simulated map (which contains only CAR contributions); the XR sample shows
an excess of signal amplitude with respect to the RXR at the Car-Ret cross-peak,
directly revealing the presence of the underlying EET.

At ty times around 100 — 200 fs (bottom row in Figure 2.3) we observe the
positive salinixanthin S, GSB band, which becomes more symmetric, from the ini-
tially elongated form, due to spectral diffusion, and the negative salinixanthin S
(and S*) ESA signals, in the interval 550-750 nm, which dominate and cover the
carotenoid-retinal cross-peak. The comparison of the 2D cuts (Figure 2.3h) shows an
unexpected similarity of the ESA signals intensity in the two samples, even though
the RXR salinixanthin S; (and S*) state should have been populated more than
the salinixanthin S; (and S*) state in XR, being the IC the unique deactivation
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channel in the former system. The apparent contradiction can be explained if one
considers that, in XR, hot vibrational states of the salinixanthin GS are populated
in the EET process: the subsequent absorption from this vibrationally hot ground
state will result in a negative signal that appears red-shifted with respect to the
original cold salinixanthin ground state absorption (Figure 2.5). This signal su-
perimposes constructively with the negative S; ESA, and explains the enhanced
intensity of XR features in that spectral region. This mechanism can also explain
why we do not observe a decreasing of the carotenoid GSB signal concurrent to
EET, which should happen when the original (cold) CAR GS is recovered. The
involvement of vibrationally excited GS in salinixanthin, reached from the Sy state
with shorter jumps in energy (and higher probability, due to an increased overlap
between nuclear wave-functions in the two PES), can explain the ultrafast nature
of the carotenoid-to-retinal EET route in terms of the improved resonant condition
between donor and acceptor molecules.[151] The EET mechanism here proposed is
a Forster-like transport between localized states. This can also be inferred by the
previously mentioned absence of any significant shift of the S, bands (clearly shown
in Figure 4b of ref. 145?) between XR and RXR samples, which implies negligible
delocalization and electronic overlap between the two chromophores.

At longer times (to > 1ps, Figure 2.6, Appendix) we still observe the carotene
Sy GSB signal on the diagonal and the S; (S*) ESA cross peak, narrowed and blue-
shifted due to S; vibrational cooling. In the XR complex we expect to see also the
(negative) absorption signals of the J (and early populated K) photoproduct state
of RET as previously suggested by Polivka et al.[149], which is indeed revealed by
the clear increase of signal in the XR cut.

In Figure 2.4, we present a comparison between experimental and theoretical
differences of XR and RXR 2D cuts (obtained by averaging the signals in the pump
wavelength interval 515-530 nm). We show that the prediction of a model which
excludes both direct and indirect retinal contributions at pump wavelength cor-
responding to salinixanthin Sy excitation (red dashed curve in Figure 2.4(c)), is
qualitatively different with respect to experimental measurements. On the contrary,
the addition of a retinal-like GSB/SE contribution (that is modeled via a gaussian
function centered around the retinal absorption maximum, the grey filled curve of
Figure 2.4(c)), turns out to reproduce the main features of the XR/RXR difference.
We assign the EET related signal to the excess of signal amplitude observed at the
(520nm,560nm) cross-peak in the XR sample. To support this assignment, we dis-

2The figure shows the comparison of second derivatives of the ground-state absorption spectra
of XR and RXR, which perfectly overlap in the CAR region.



2.2 THEORETICAL MODELING 176

0.14

(c)

-
>
(]
) i
Q 0.08
[\
{ 006 ©O
(o]
C
=1
(2]
4004 o
=
@
1002 §
(9]
(0]
= 0
) >
N e 4 -0.02
+ -0.04

\ , ,
! ! A ! ! !

-0.1 . . . . . . . . .
500 525 550 575 600 625 650 675 700 725 750500 525 550 575 600 625 650 675

Wavelength (nm) Wavelength (nm)

Figure 2.4: Differences of XR and RXR 2D cuts selected by pump wavelengths in the 515-
530 nm interval at to = 20fs. Experimental (a) and Theoretical (b) XR and
RXR cuts (red and black solid line respectively) together with their differences
(grey filled curves). Since in the theoretical maps we are not considering RET
contributions, the differences between the two curves are only given by the
different Ss state lifetimes (which rule the Sy SE disappearance, and produce
the lifetime broadening of the transitions). Panel (c): experimental difference
(black solid line) and theoretical difference, before (red dashed line) and after
(red solid line) the sum with the retinal emission component (grey filled curve).

cuss in detail the origin of all the signals which could in principle contribute to this
spectral region, i.e. when pumping the carotene chromophore (between 510-530 nm)
and probing in the 500-650nm region at early times.

The presence of possible carotene Sy, — Ss, ESA signals cannot be excluded,
but to the best of our knowledge it has never been reported in studies of similar
carotenoid systems in this spectral region. We exclude CAR S; — S, (and corre-
sponding S* — S¥) ESA signals, which are known to appear only at later times.
Contributions from direct retinal excitation (which has a non-negligible absorption
at 520 nm) are also of minor importance: direct retinal contributions are barely
detected, in 2DES maps, at the maximum of the retinal absorption (a very weak
signal is measured on the diagonal around 560 nm), being therefore even weaker for
wavelengths around 520 nm, where the retinal is known to absorb less. At variance,
indirect RET signals (i.e. signals coming from RET populated via EET from the
CAR S,) are much more intense, as they are weighted with the CAR Sy dipole
strength, as explained in Appendix, Section 2.4.4. One could expect to observe, due

to the presence of a finite carotenoid-retinal coupling, cross-peaks in the carotenoid-
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Figure 2.5: (a~c) Energy level scheme depicting the main transitions occurring during the

times 1, t2 and ¢3: (a) excitation of the salinixanthin So state, (b) IC and
EET processes activated after excitation of salinixanthin in xanthorhodopsin
(the energy matching condition for EET occurs when hot CAR GS vibrations
are populated: this is the scenario most likely involved in the CAR — RET
EET process), (¢) main SE (both in CAR S and in RET S;) and ESA signals
(S* — S}); blue arrows underline absorption, while red arrows emission; only
the S* state is shown for clarity (similar schemes hold for CAR S}), and for the
same reason only one effective mode in the PES is depicted; (d) (Rephasing)
Feynman diagrams of the possible processes activated after population of CAR
Sy (a population preserving diagram, giving rise to Sy SE, and two population
changing diagrams, giving rise to EET related SE and IC related ESA); similar
considerations hold for non-rephasing diagrams. (e) Population dynamics of
the spectroscopic relevant states in XR (solid lines) and RXR (dashed lines),
for a model in which both IC and EET have 50% efficiency.

retinal off-diagonal regions, both above and below diagonal. We do not observe any

signal in the above diagonal region, and we can exclude possible contributions also

in the region of interest: due to the negligible delocalization of the excitation on the

two chromophores we expect GSB and ESA signals (coming from diagrams which

involve bot

h CAR S; and RET S7) to cancel each other.

It is worth noting that a fast disappearance of the XR-RXR differential signal

at this cross-peak is also observed. This can be easily accounted for considering the

underlying

fast evolution of the retinal chromophore when promoted to its S state

by the EET process: in fact, if at short times the retinal emission (appearing during
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the carotene-to-retinal EET process) should be similar to the retinal absorption,
it very quickly undergoes a pronounced red-shift, disappearing from the probed
window, as previously observed for other rhodopsin system.[152, 153] Moreover,
negative contributions from the salinixanthin S; (S*) ESA will progressively gain
intensity at increasing t, times, thus masking the positive EET related cross peak
(the evolution of the state populations are reported in Figure 2.5(e)).

All that considered, the most likely explanation of the observed signals (over a
range of times and wavelengths) involves the presence of retinal that has been indi-
rectly excited through an ultrafast EET process from the carotene moiety, directly
excited by light.

A comprehensive scheme of the states involved and of the transitions between
these states which occur in a 2DES experiment, is depicted in Figure 2.5, and it

summarizes some of the obtained results:

e Figures 2.5(b) shows that the resonant donor-acceptor condition is fulfilled

thanks to GS vibrations of the donor (salinixanthin).

e Figures 2.5(c) shows both the red-shifting of the RET emission over time, the
S* — Sk (S1 — Sin) ESA following IC, and the “hot” CAR ground-state
absorption following EET.

e Figure 2.5(e) summarizes the evolution of state populations in both XR and
RXR, as obtained within a simple rate equation model. The model includes
the ultra-short lifetime of the Franck-Condon S; state of the retinal, set to 30
fs (following the arguments of ref. 152). The fast evolution of the RET on
its PES, together with the emerging CAR S; (and S*) ESA signals, explains
the fast disappearance of EET related RET signals around 560 nm in the 2D

maps.

2.3 Conclusions and perspectives

We have compared 2DES measurements performed on both xanthorhodopsin and
reduced-xanthorhodopsin systems. The identification and interpretation of the recorded
signals, supported by a theoretical analysis, allowed us to provide direct evidence
of the ultrafast carotene-to-retinal EET process at very early population times ts.
Interestingly, our analysis uncovers the importance of hot vibrational levels in the
carotenoid ground electronic states in assisting the ultrafast CAR — RET EET pro-
cess: they provide improved energy matching and increased transition probability.
This model is supported by the fact that the CAR Sy GSB signal does not decay
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during the EET process (as one should expect as a result of the EET related recov-
ery of the original CAR GS) and by the presence in XR of an additional negative
signal at the red side of the CAR S, bleaching, here interpreted as the absorption
from these excited vibrational levels to the CAR Ss.

Despite the simplicity of the system (a donor-acceptor couple), the measured
2DES maps are highly congested by overlapping spectral features. In this perspec-
tive, the presented theoretical modeling allows for a clearer identification of the
signals origin. Nonetheless, some important improvements are necessary: first of
all, we are currently working on an ab-initio modeling of the presented systems, as a
means to objectively disentangle the various contributions and to obtain an indepen-
dent confirmation of the proposed mechanisms. Secondly, an advanced simulation
protocol (as the PLDM approach to spectroscopy, Part II, Chapter 3) is needed to
describe more accurately the population dynamics which follows excitation of the

salinixanthin, and the subtle effects introduced by the finite pulses band-width.
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2.4 Appendix - XR

2.4.1 Experimental details

The 2DES experiment was performed in a VVHH? configuration of the pulses polar-
ization, which minimizes the pump scattering. The pulses have a sub-10-fs duration
(~8 fs), and as such at 20 fs (the first map analyzed e.g. in Figure 2.3a) they are

not overlapping.

2.4.2 Comparison of XR and RXR maps at ¢, = 2ps
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Figure 2.6: Experimental 2DES XR map (a), experimental 2DES RXR map (b) and cut
of these maps (d) at t2 = 2ps. The experimental maps are normalized to
a common maximum value. The 2D-cut is taken averaging the signal in the
pump rage 515-530 nm.

2.4.3 Pulse Shape

Figure 2.7 shows the envelope of the pump and probe pulses used in the 2DES
experiment. We note that they overlap only with the tail of the CAR Sy — 55
transition, so that they will populate only the vibrational ground state of the CAR

S, state. Let us describe the consequences of this particular pulse shape setup:

e The strong displacement of GS and ES PES implies that the highest Frank-
Condon factor (i.e. the highest transition probability) is not the one of the
0 — 0 transition, but that of the 0 — 1 transition. Nonetheless, the shape of
the pulses allows only the 0 — 0 transition.

e The proper theoretical description of the Sy — S5 transition therefore require

to explicitly account for the vibrational states of the various electronic states.

3VVHH stands for vertical-vertical-horizontal-horizontal pulses polarizations.
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This was not implemented in the current simulations of 2DES maps. As a
consequence, theoretical maps present a different (more pronounced) dynamics

of the peaks, due to the motion of the wave-packet in the Sy PES.

e Another important difference between the theoretical and experimental maps,
is related to the unexpected behavior of the diagonal CAR S, peak evolu-
tion: the expected behavior is reported in Figure 2.8(a), and shows a very
fast increase of the signal up to a maximum (in which Sy SE and GSB sum
constructively), followed by a decrease of the signal concurrent to the disap-
pearance of the SE (as Sy undergoes population transfer via IC and EET),
and by a stabilization to a plateau (the sole GSB signal). What is instead
observed (Figure 2.8(a)) is a constant increase of the signal until the reach of

the plateau. There are different reasons that can explain this discrepancy:

1. Possible Sy — S5, ESA signal can superimpose to the Sy — S, transi-
tion. This has for example been reported in studies of similar carotenoid

system, as the f-carotene.|[150]

2. The relaxation of the populated S; can be very quick, causing an ultrafast
Stokes-shift that displaces the CAR Sy SE signal to the red. The SE will
still partially overlap with the CAR S5 GSB, therefore this mechanism
can only partially explain the observed behavior.

3. Another possible explanation involves the shape of the pulses: following
the diagrams of Figure 2.8(b-c), the first pulse selectively populate only
the GS vibrational level of the S5 excited states, the second pulse send the

ertion

\
/ <

»_—
S~

S

So \ Pulse shape

d

Figure 2.7: The pulse shape filters the possible arrival (vibrational) states of CAR Ss.
The green area is the overlap between absorption and pulse shape. d is the
displacements between the Sy and Sy PES.
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Figure 2.8: (a) Time evolution of the diagonal at 520 nm: the expected behavior is depicted

in blue, the measured values for XR and RXR are the black and red lines,
respectively. (b) Feynman diagram for the non-rephasing GSB of the CAR
Sy state. (c¢) Evolution of the wave-packet along GS and So PES of the CAR
chromophore, which explains the broadening along the detection wavelength.
(d) 2DES maps showing the elongation of the diagonal signals in the detection
wavelength at various times.

wave-packed back to the GS, and since it is not in an equilibrium position
it will start to oscillate; when the third pulse arrives, the moving wave-
packet on the GS will broaden the transition along w3, spreading the GSB
signal over a larger frequency interval and thus reducing its intensity. The
elongation of the peaks in the detection frequency axis in the experimental

maps (see Figure 2.8(d)) seems to confirm this interpretation.

2.4.4 Dipole argument against direct RET excitation at 520nm

One can argue that the signal observed at the cross-peak (520 nm,560 nm) is not
EET related, but it follows from direct RET excitation: indeed, at 520 nm, the
principal absorber is the CAR moiety, but there are also non-negligible RET con-

tributions (as shown in Figure 2.2). In the main text we observed that direct RET
GSB and SE signatures are barely detected in 2DES maps at the maximum RET

absorption, at the diagonal position 560 nm. Here we further develop this argument.
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Figure 2.9: Experimental (black) and theoretical (multi-colors) difference of XR-RXR cuts
of 2DES maps, averaging over the Pump interval 510 — 530 nm, together with
the RET-like gaussian contribution centered at 567 nm as grey filled curve. The
theoretical curves have been obtained by combining different sets of parameters
for the pulse width in time, the pulse center and the Stokes shift of XR and
RXR Stimulated emission, and then added to the gaussian contribution.

Figure 2.5(d) shows the Feynman diagrams of the possible processes occurring after
population of CAR S,. Following the rules of Feynman diagrams, the RET SE di-
agram is weighted by the dipole factor <<MCAR_SQ : E1>2 (MRET—sl : E2>2), where
El, Es are the polarization of the pump and probe pulses, and (e) is the average
over all the possible orientation of the XR protein. Similarly, direct retinal diagrams
are weighted by ((,U,RET_S1 . E1)2 (uRET_SI ‘EA2>2>. By recalling that the experi-
mental pulse polarization was set to VVHH (which implies E, = and Fy = 7),
and that the angle between prpr g and poyp_g, is 46°, one can show that the

ratio between these two pre-factors gives:

<(NRET—51 'f)z (“’RET—Sl ?3)2> _ |MRET—SI|22

: L = <1 (2.1)
(Boar—s, - 95)2 (Brer_s, - y)2> \lcar—s,* 15

because |prpr_s, 1> < [Bean—s,|?
Finally, we note also that since the lifetime of CAR S5 is 7c4r =~ 60 fs, while the
lifetime of the Franck-Condon RET Sy is 7rer_rc =~ 30 fs, direct retinal signals are

more broadened than the indirect ones.
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2.4.5 Robustness of theoretical prediction

We tested a range of parameters of the theoretical model to access the robustness of
the proposed picture. In particular we vary the pulse shape width (FWHM) from
16.5 to 23.5 fs, the pulse center from ¢y = 18 fs to t, = 26fs, and the Stokes Shift in
the range 230-270 cm~! for the XR-CAR SE and 270-370 cm ™! for the RXR-CAR
SE. We thus produce a large number of curves combining all the possible choices of
parameters, added them to the same gaussian contribution previously introduced,
obtaining a picture which preserve the qualitative agreement with the experimental

cuts difference (Figure 2.9).

2.4.6 Tables of parameters

The energies and transition dipoles of the principal electronic transitions involved in
the model were tuned in order to reproduce the ground-state absorption spectrum
of RXR, and the 2DES maps at early times. The choice of the model parameters
for S7 and S* cannot be unique, due to the limited amount of information that can

be extracted from the sole experimental 2DES cuts.[150]

Evertical (Cm_l) €0—0 (Cm_l) |l’l’|

So — S 20920 18830 1
S1 — S 16900 15600 1.2
S*—= Sy 17620 16680 1.2

Table 2.1: Energies and transition dipoles of the Electronic Transitions involved in the
Model. In the first column we report the vertical transition energy, while the
second gives the adiabatic energy of the pure electronic transition. The last
column gives the module of the transition dipole moments normalized to that
of the Sy — Sy transition.

The form of the spectral density was adapted from ref. 150, and the parameters
tuned with the same rationale explained above.

For the CAR S, transition, a (diagonal) static disorder of o = 220 cm™! was
employed. The maps were obtained by averaging the results over 300 realizations of
the static disorder. The rate Sy — S; was set to (270 fs)~!, while the rate Sy — S*
was set to (217 fs)~!. In this way, the lifetime of S, is exactly equal to 120 fs.
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J(So —S2) 7 (ps) A(em™!) w. (cm™t)

gauss 0.020 125 —
expi 0.080 120 —
expo 5.0 155 —
Vib, 2.2 890 1150
Vibs 2.2 800 1520
J(S; — S1,) 7 (fs) A(em™)  we (em™t)
gauss 0.020 125 —
exp; 0.080 120 —
expo 5.0 155 —
Vib, 2.2 500 1150
Vibs 2.2 400 1520
J(S* =S¥ 71(fs) A(em™') w. (em™h)
gauss 0.020 125 —
expi 0.080 120 —
expo 5.0 155 —
Vib, 2.2 270 1150
Vibs 2.2 270 1520

Table 2.2: Parameters for the Spectral Densities of the transitions involved in the model
involved in the Model. In the table, 7 denotes the relaxation time, and A the
reorganization energy of the specific part of the spectral density. For the two
intra-molecular vibrations, the central frequency w, is given.



CHAPTER 3

Sub-20-fs Pump-Probe Spectroscopy of Coherent Excited-state

Dynamics of trans-Azobenzene

The work presented in this Chapter has been done in collaboration with
the experimental group of Prof. Giulio Cerullo (Politecnico di Milano,
Milano, IT). My contribution was mainly focused on the simulation of
the transient absorption (TA) spectra. This work has been published in
the Journal of Physical Chemistry Letters, ref. 154.

3.1 Introduction

Photochromism is at the heart of light-powered nanomachines, also known as molec-
ular photoswitches or optical switches, which can be reversibly switched between two
or more stable configurations by exposure to light.[155] Over the years the technolog-
ical potential of optical switches has been demonstrated in various applications like
optical storage devices[156], triggers for peptide folding|[157, 158, 159], light-gated
ion channel control or nonlinear optical materials[160| to name a few. Azobenzene
(AB) based compounds are prominent photoswitches that undergo an ultrafast (pi-
cosecond) trans-cis photoisomerization associated with changing the conformation
of the central N=N double bond (Figure 3.1). AB has attracted attention due to its
favorable photochromic properties, such as a significant change in geometry of the
molecule upon isomerization, photoactivity even under strong constraints|161, 162,
163, 164] and discrete absorption bands allowing to selectively address either the

trans or cis configurations. It is therefore not surprising that considerable effort has

186
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Figure 3.1: (a) Linear absorption spectrum of ¢rans-AB; (b) Reversible trans-cis isomer-
ization of AB and mechanisms.

been put into scrutinizing its photoactivity|165]. However, despite the vast amount
of experimental[161, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177| and
theoretical works|[174, 177, 178, 179, 180, 181, 182, 183, 184, 185, 186, 187, 188, 189,
190, 191], there is still a controversy over two key aspects of the photoisomerization:
the isomerization mechanism itself and the wavelength dependence of the quantum
yield (QY) of trans-AB.

In the 80s Lueddecke and co-workers postulated that trans-AB should undergo
different isomerization pathways upon excitation of either the nm* (broad absorption
band at ~440 nm) or the 77* (peaked at 315 nm) state (Figure 3.1), in order to
account for the violation of Kasha rule[161]. This view was supported by an early
theoretical (single-excitation configuration interaction) work by Monti et al.[178]
reporting high energetic barriers along the torsional coordinate opposite to absent
barriers along the inversion coordinate.

In the 90s, Lednev et al. reported femtosecond transient absorption measure-
ments for trans-AB[166, 167|. These studies revealed an ultrafast (< 200 fs) decay
component under excitation of the 77* state, which was attributed to motion along
the torsional coordinate, and a 2.5-ps lifetime for the n7* state, assigned to motion
along the inversion coordinate. Later on, in a series of femtosecond TA spectroscopy,
time-resolved fluorescence and Raman experiments[168, 169, 170|, Fujino et al. dis-
missed the hypothesis of different pathways: according to their interpretation, the
entire 77 population relaxes on a sub-100 femtosecond (fs) timescale, presumably
with AB still in a planar geometry, to the nm* state. Isomerization was found to take
place from the n7™* state with time constants of ~1 ps and ~17 ps. Broadband TA
by Braun and co-workers[171] noted the similarity in the decay associated spectra

(DAS) of n*- and wr*-initiated dynamics while resolving an additional shorter life-
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time of 0.2-0.4 ps associated with the decay of the 77* population (also documented
in works of Zinth, Wachtveitl and colleagues|[172, 173|), thus supporting Fujino’s in-
terpretation that the isomerization should occur on the n7* surface. Time-resolved
photoelectron spectroscopy experiments further supported this theory[174]. By then
it was largely accepted that both n7* and 77* decay to the ground state (GS) via
the inversion mechanism (which was therefore recognized as the main isomerization
channel), based on the computational results of Monti[178] and the Raman studies
by Fujino[168]. The latter demonstrated that the frequency of the N=N stretch vi-
bration does not change substantially during the isomerization, therefore ruling out
the torsional pathway, which should instead imply a double bond breaking, together
with the change of the N=N stretching frequency.

The application of multiconfigurational methods (multi-reference single and dou-
ble excitation configuration interaction (MR-SDCI)) to AB by Ishikawa et al.[179]
offered new insights which challenged the inversion mechanism. The dynamically
correlated description of the nm* potential energy surface (PES) revealed that the
torsional pathway offers a vanishing barrier, while a huge barrier was predicted
for the in-plane inversion. These results have been confirmed at the level of the
complete active space self-consistent field (CASSCF) augmented with multicon-
figurational second order perturbation theory (CASPT2)[180, 181]. In a notable
contribution Taketsugu and colleagues demonstrated through CASPT2 frequencies
computed along the torsional and inversion pathways that the N=N stretching mode
is insensitive to the mechanism, thus mitigating the main argument in favor of the
inversion path.[182] In a recent joint experimental (jet-cooled multiphoton ioniza-
tion) / time-dependent density functional theory (TDDFT) work Buma, Zerbetto et
al. revealed a ~2 kcal/mol barrier along the n7* isomerization path[183], consistent
with the torsional path. Nevertheless, the active modes observed in the excitation
spectrum contain a significant amount of CNN bending character, prompting the
authors to describe the mechanism as “inversion-assisted torsion”. Molecular dynam-
ics simulations in gas-phase (semi-classical CASSCF-[184| and TDDFT- based|185])
and in solution (tailored classical force fields[186]) upon n7* excitation support this
idea, indicating that the decay to the GS does not require a complete 90°-torsion
around the N-N bond but rather occurs in a broad area of the CNNC-torsion /
CNN-bending sub-space. Notably, decay through pure in-plane inversion upon nm*
excitation has not been observed in these studies.

Based on the studies above, the most plausible scenario for the decay to the GS
upon nm* excitation of trans-AB involves an extended conical intersection (CI) seam

reached through both CNNC-torsion and CNN-bending (inversion-assisted torsion
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channel, Figure 3.2b). Recently, the lifetimes associated with the decay (0.35 ps and
2.7 ps|171, 172, 173]) have been challenged by Kovalenko et al. who first recorded
broadband TA covering the ground state bleach (GSB) spectral window (280-340
nm)[177]. They reported a 15-ps time constant for the GSB recovery, deducing the
possibility of an intermediate non-planar stable configuration along the nm* potential
energy surface introducing a 8 kcal/mol barrier to the CI region.

The second open question concerns the wavelength dependence of the isomeriza-
tion QY, which shows a 50% decrease upon excitation of trans-AB with UV light
(where the m7* state absorbs). The view of a pathway common to 7m7*- and nr*-
excitation is supported by the similar time constants obtained by fitting the excited
state absorption (ESA) decay in TA studies upon n7* (0.35 ps, 2.7 ps, 12 ps) and w7*
(0.4 ps, 2.9 ps, 12 ps) excitation|171, 172, 173, 177, 178|. Braun noted the differences
in the relative intensities of the DAS for the sub-ps lifetimes, with the amplitude
for the 0.4 ps component being strongly enhanced after w7*-excitation, suggesting
a different branching ratio on the n7* potential energy surface with a large amount
of molecules leaving the electronic excited state (ES) via a non-reactive path on
a sub-ps time scale[171]. Through normalization of the TA spectra Kovalenko et
al. quantified this amount to 50%][177|. Furthermore, and very notably, they re-
ported a GSB recovery time constant of 1 ps, not observed after n7* excitation.
Kovalenko questioned Fujino’s interpretation that the m7* population relaxes to the
same Franck-Condon (FC) region on the nr* state accessed after nm* excitation,
noting the possibility that either a region inaccessible upon n7* excitation is visited
upon initial 77* absorption (labeled the “hot channel” in Figure 3.2a) or that not the
entire 77" population decays to the n7* state. The latter view was shared by Conti
et al.[180], who, based on CASSCF optimized geometries and CASPT2 corrected
energetics, postulated the involvement of higher lying “dark” states (Figure 3.2a, the
“phantom state channel”) that funnel part of the population into non-reactive chan-
nels and reduce the QY. Semi-classical dynamics seem to support this mechanism,
although not always agreeing on the nature of the states involved|[174, 185]. On the
contrary, Buma et al. did not see indications of the involvement of other states[183].

In a nutshell, several open questions on the photoisomerization mechanism of
trans-AB remain yet to be answered. To date, the temporal resolution of transient
experiments has not permitted one to determine the lifetime of the 7m7* state (74
in Figure 3.2a). To the best of our knowledge a value of 110 fs[177| is the shortest
lifetime reported in the literature, which is comparable to the used instrumental
response function (see Figure 3.2¢ for a literature survey of 77* and nr* lifetimes).

It is evident that a significant part of the population is involved in the ultrafast
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Figure 3.2: (a) Energy diagrams of the relaxation channels in the trans-AB after n7* and
mm* excitation, proposed in the literature; (b) The trans— cis mechanism of
inversion-assisted torsion; (c) Literature survey of the 77" and nz* lifetimes.

relaxation dynamics (~ 0.4 ps) associated with the decrease of the ESA signals.
However, it is still unclear what is the nature of the molecular motion associated
to this ultrafast spectral dynamics, and whether this relaxation channel is reactive
(i.e., leading to cis-AB) or non-reactive and whether it can be made responsible for
the QY decrease. Related to this, the involvement of “dark” states remains yet to
be definitely confirmed or disproved.

We address the above questions by combining high time resolution TA spec-
troscopy and multiconfigurational wavefunction techniques. TA measurements were
performed utilizing sub-20 fs pump pulses at 320 nm and broadband probe pulses
ranging from the visible (350-700 nm) to the ultraviolet (250-380 nm), which:
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(a) Allow to resolve the dynamics in the 77* state prior to its ultrafast (sub-100

fs) decay;
(b) Resolve coherent ESA oscillations of the nm* — higher lying states transitions;

(c) Explore the deep UV window (250-280 nm), rich with spectroscopic fingerprints

of reactant and photoproducts.

Our calculations show that the 77* /nm* Cl resides in a strongly out-of-equilibrium
region of the n7* PES, and that the transferred (hot) population accumulates a large
amount of vibrational energy in four CNN-bending modes. This energy allows to
reach a high lying region of the n7*/GS CI seam, documented in the computa-
tional study of Casellas et al.[181], and shown to be accessible through pronounced
CNN-bending deformations. Interestingly enough, the direct excitation of the nr*
state create a cold population, which has not enough energy to access that high
lying n7*/GS CI seam. We argue that this channel is non-reactive and, thus, the
prime reason for the violation of the Kasha rule and the reduction of QY upon 77*
excitation.

Ab initio molecular dynamics simulations (not covered in this Thesis, even if
discussed in the published paper) within the CASPT2 framework utilizing a full-7
active space, directly demonstrate that relaxation routes from the FC point on the
m* state to the GS, thereby confirming ultrafast 77* — nn* decay.

Combining high-level electronic structure calculations with nonlinear spectroscopy
techniques we simulate TA spectra, thereby explicitly incorporating the, so far, the-
oretically elusive ESA features, as well as their vibrational lineshape properties. By
uncovering the nature of the coherent oscillations observed in the experiment we

establish a direct link to the experimental observables.

3.2 Theoretical Methods

The 1DPP signal was obtained by computing the third-order response function, and
setting t; = 0. In the semi-impulsive limit, the signal is thus produced by Fourier
transforming R®) (0, t,,t3) over t3, obtaining a function of probe wavelength w; and
pump-probe delay t, which can be compared to the measured data. The non-linear
response can be expressed within the framework of cumulant expansion of Gaussian
fluctuations (CGF) presented in Part II, Section 2.3.7, accounting for population
transfer by means of the method described in Part II, Section 2.4.3. The spec-

tral density was partitioned in a) a part responsible for the vibrational progression
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in the spectra, described through the multidimensional uncoupled displaced har-
monic oscillator (DHO) model; b) a part describing the homogeneous broadening
due to coupling to a continuum of low-frequency modes represented by the lineshape
function of the overdamped Brownian oscillator (OBO). In this work the OBO pa-
rameters were chosen so to reproduce the 77* bandwidth in the linear absorption
spectrum at room temperature (see Figure 3.12 in the Appendix). In the lineshape
functions of population transfer diagrams (P), which describes the jump from the
m* to the nm* surfaces, correlations between t; and t, were removed, while those
between ?; and ¢3 were maintained. We assume the transition dipole moments p,;
to be coordinate-independent (the Condon approximation). The parameters of the
DHO model can be obtained from electronic structure computations at few selected

geometries. These parameters were computed for:

(a) the 77*, nm* and hot ground state (GS*) involved in the population dynamics;
(b) the higher lying ESs probed out of the 7™ state at early times;

(c) the higher lying ESs probed out of the n7* state at later times.

Energies, gradients and transition dipole moments were computed at CASPT2
level, the relative displacements d;; were obtained through the vertical gradient
approach|28|, utilizing MP2 and CASSCF normal modes and frequencies. The pro-
tocol for obtaining the parameters is outlined in detail in Part I, Section 3.1.4.
Spectra simulations were performed with a development version of Spectron 2.7[68].

Adiabatic molecular dynamics simulations (not covered in this Thesis) following
Newton’s equations of motion for the nuclei and utilizing numerical CASPT2 gra-
dients were performed in the 77* and n7* states without initial kinetic energy (so
called 0 K trajectories). The simulations were carried out using the molecular dy-
namics code COBRAMM interfaced with the ab initio software package Molcas|10]
with an integrated scheme for obtaining numerical gradients and non-adiabatic cou-
plings at CASPT2/RASPT?2 level|23]. Geometries and velocities were propagated
with the Velocity-Verlet algorithm with a time step of 0.5 fs. Further details are
provided in the published paper. Utilizing the outcome of the molecular dynamics
simulations performed in this study, the current experimental data and the findings
of previous TA experiments, we elaborated a “quasi-sequential” model that describes
the population decay following excitation of the bright n7* state (See Appendix,
Section 3.5.3).
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3.3 Results and Discussion

The sample was pumped with 16-fs UV pulses at a central wavelength of 330 nm,
resonant with the 77* state, and probed over a broad wavelength range. Figure
3.3(a) shows the TA spectra in the visible (VIS) between 360-700 nm for the first
500 fs. In agreement with previous studies[167, 170, 171, 177], at early times (<100
fs) we observe two photoinduced absorption (PA) bands: a broad intense band rang-
ing from 550 nm to 700 nm (PA1) and a narrower band between 450 nm and 500
nm (PA2). A global fit of the data[192, 193] reveals that PA1 and PA2 decay with
a lifetime of ~50 fs (Figure 3.3(c)), giving rise to a new PA band (PA3) peaking
around 400 nm. Considering their ultrafast decay and their absence in the spectra
when the n7* state is selectively excited, PA1 and PA2 have been previously as-
signed as fingerprints of the 7m7* state[171, 177, 178]. PA3, on the other hand, is a
fingerprint of the nz* state[171, 172, 173, 177, 178]. It shows oscillatory behavior
with a period of 170 fs (195 cm™'), an indication of coherent dynamics damped
after about 2 ps. Note, that similar oscillatory patterns are observed also along the
600 nm and 670 nm traces after the initial fast intensity decay. Measurements at
longer timescale show that the PA3 decay is best described by the sum of three ex-
ponentials with time constants 0.45 ps, 2.5 ps and 11 ps, in agreement with previous
studies|171, 172, 173, 177|. Figure 3.3(b) depicts the simulated TA map in the same
temporal and spectral windows. Despite the notable blue-shift of the computed sig-
nals with respect to experiment (that fall within the accuracy of the computational
approach) the agreement is excellent. These results allow us to identify the nature
of the underlying transitions. The rapidly decaying PA1 and PA2 features are fin-
gerprints of the m7* state, which arise due to the spectral overlap of ESA bands
associated with several electronic transitions. In particular, the 550-700 nm ESA
(PA1) has contributions from three higher lying states which are bright from the
m* state and have a pronounced multiconfigurational nature and significant weights
of doubly excited configuration state functions (Appendix, roots 5,6,7, Table 3.1).
The same holds true also for the 450 nm band (PA2), less intense in the simulations,
which arises due to the overlap of three distinct ESA contributions (Appendix, roots
8,11,12, Table 3.1).

ESA bands provide an indirect probe of the coherent vibrational dynamics in
the ES (7m7* in this case). According to their electronic structure, they show dif-
ferent sensitivity to the photo-active modes resembled in oscillatory features of the
signals’ intensity and/or spectral position as a function of the pump-probe delay.
All states contributing to PA1 and PA2 show pronounced sensitivity in the low fre-
quency regime to the 606/614 cm™" (benzene shear) and 666 cm™ (CNN bending)
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Figure 3.3: (a) Experimental (ethanol) and (b) theoretical (gas-phase) TA maps of trans-
AB in the visible spectral window during the first 500 fs. The theoretical maps
were convoluted with a gaussian-like pulse shape with a standard deviation o =
16 fs. (c) Extracted dynamics (from experiment) at 400, 475 and 600 nm. (d)
Intensity oscillations (residuals): experimental at 400 nm (top) and computed
at 370 nm (bottom). Open dots represent the experimental (theoretical) data
and the solid line the fits.

modes, as well as in the high frequency range to modes 924 ¢cm-1 (symmetric CNN
bending), 1161 cm™* (CN stretching), 1397 cm™! (NN stretching) and 1628 cm™!
(CC stretching in the benzene rings). The ultrafast decay of the population broaden
the signals and covers any coherent oscillatory features at early times.

The picture is clearer when looking at the 400 nm trace (Figure 3.3(c)), the fin-
gerprint of the n7*. It arises from the ESA contribution of a single higher lying state
(Appendix, root 3, Table 3.1). The oscillator strength is facilitated through intra-
band transitions which promote either the excited electron to a higher 7* orbital
(m* — 7* transition), the generated hole to a lower n-orbital (n — n transition)
or excite a m-electron thus generating a doubly excited configuration nr7*?. As
noted above, PA3 shows clear oscillatory behavior with a 170-fs period. Our simu-
lations (Figure 3.3(d)) reproduce the oscillatory dynamics rather well. Remarkably,
only one dominant vibrational mode (195 cm™!) is extracted from the fit of both

the experiment and simulation, despite the fact that time-resolved Raman|[170] and
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photoionization|183] spectroscopies have resolved a plethora of modes involved in the
coherent dynamics on the n7* state after selective nn* excitation. Oddly enough,

I mode

in spite of CASSCF frequencies at the n7* minimum providing a 205 cm™
(symmetric CNN bending) that could be tentatively assigned to the experimental
observation, our simulations demonstrate that the ES responsible for PA3 should be
rather insensitive to the dynamics in this mode (Figure 3.11(a), Appendix). Instead,
we find that the coherent oscillations with a 195 ecm™! frequency are the result of
energy gap dynamics along the 660 cm™! and 852 cm™! modes, both having strong
CNN-bending contribution. These frequencies have been reported to be particu-
larly intense by Fujino[168] (635 cm™!, 845 cm™!) and Kovalenko[177] (644 cm™!,
847 cm™!) from time-resolved Raman studies, and by Buma (653 cm™!, 853 cm™!)
from photoionization spectroscopy|183|. Together with the 205 cm™' CNN bending
and the 300 cm™! CCN bending modes, they constitute a quartet of “hot” modes that

! reorganization energy upon wm* — nr* decay due

accumulate almost 10000 cm™
to the large out-of-equilibrium displacement along the bending coordinates. Other
high frequency modes previously reported in time-resolved resonance Raman spec-
tra by Mathies and co-workers|[175] are also well reproduced by our simulations (see
Appendix, Section 3.5.5). We also note a second n7* fingerprint PA signal around
600 nm which has been reported previously for selective nm* excitation|171, 177|.
Weak coherent oscillations of this ESA are resolved in the ps-range, and we found
that three modes, 205 cm™!, 660 cm™! and 852 cm™! can be responsible of them.
A second set of measurements was performed by probing in the UV window (250-
380 nm). Figure 3.4(a) shows the TA map during the first 500 fs compared to the
theory (panel (b)). In addition to PA3, two new spectral features are observed: the
GSB in the range 300-340 nm, which decays with a time constant of 11 ps (Figure
3.4(c)) and a PA band ranging from 245 to 280 nm (PA4). Global analysis of the
spectral features around PA4 reveals 0.45, 2.8 and 11 ps time constants. These values
match those of PA3, which indicates that the nature of PA4 and PA3 must be similar.
This notion is supported by the computations, which resolve also this ESA feature
of the nm* state (Figure 3.4(b) and Appendix, Table 3.1). There is however one
noticeable difference between PA3 and PA4: by comparing the TA spectra (Figure
3.4(d)), one observes that the signals at 365 nm and 270 nm decrease similarly
during the first 2 ps, while at the bluest frequencies (245-260 nm) PA4 increases in
amplitude on this timescale, effectively inducing a blue-shift of the ESA from 270
to 250 nm. At longer delay times the entire band relaxes with a lifetime of 11 ps,
leaving a finite long-lived offset due to the formed cis-AB. Correspondingly, a fit of
the signal at 250 nm shows a build-up time of 0.45 ps, and decay constant of 11 ps. A
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Figure 3.4: (a) Experimental (ethanol) and (b) theoretical (gas-phase) TA data of trans-
AB probed in the ultraviolet range (245-380 nm). The theoretical maps were
convoluted with a gaussian-like pulse shape with a standard deviation o = 16
fs. (c) Experimental dynamics at four selected wavelengths (open circles) and
fit of the data (solid line). Inset: Dynamics in the first 1 ps. (d) Experimental
transient spectra at several delay times. Arrows highlight the blue-shift of the
maxima of the transient absorption signals around 270 and 360 nm, and the
increase of the signal at ~250.

global analysis of the data reveals that the bluest region (245-260 nm) is dominated
by the 0.45 ps and 11 ps components, whereas in the reddest region (260-280 nm)
the 0.45 and 2.8 ps DAS present the largest amplitude. Thus, these two spectral
regions of PA4 capture different processes whose signatures overlap spectrally and
temporally. Let us consider all the signals which are known to fall in that region.
By looking at the linear absorption (LA) spectrum of both trans- and cis- AB in
the 200-280 nm interval (see Figure 3.13 in the Appendix), one observes two main

contributions:
e An absorption peak at 250 nm for the cis-AB;

e A narrow ground state absorption band of trans-AB, attributed to the second
bright 77* transition, peaking at about 230 nm. Our computations show

that this band arises due to transferring electronic density between the central
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CNNC fragment and the benzene rings.

One might tentatively assign the build-up of intensity at this wavelength to the
formation of cis-AB in the GS on a sub-ps time scale. However, we argue that what
is observed instead is more probably a signature of the “hot” trans-AB reactant.
Kovalenko et al. estimated that roughly 50% of the n7* population returns to the
GS within the first ps. Even if we assume that all of the cis-AB photoproduct ( 12%
QY) is formed through this ultrafast channel, we have to acknowledge that at least
four times more “hot” reactant would be recovered simultaneously. It is well known
that a “hot” GS wavepacket gives rise to a PA band red-shifted from the GSB band,

which decays upon energy dissipation to the environment (cooling) on a ps time
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Figure 3.5: Overview of the photochemistry of trans-AB in the space of the CNN in-plane
bending and CNNC torsion modes. Excitation of the bright #7* transition
in the UV (320 nm), opens a subps nonreactive decay channel to the GS via
mn* — CI(nm* /nm*) = nn* — Cl(nm*/GS) — GS (“Hot channel” in Figure
3.2a). The coherent dynamics associated with this non-reactive channel driven
by the in-plane CNN bending mode is the source of ESA intensity beats in the
transient spectra and reduced QY. trans — cis isomerization requires internal
vibrational energy redistribution into the torsional mode, takes an order of
magnitude longer (2-4 ps), is incoherent, and proceeds in analogous way upon
UV and VIS excitation (500 nm, n7* excitation). Dashed lines show evolution
in the bending-torsion plane. Coloring according to Figure 3.2a. Energy values
in eV.
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scale. Thus, we interpret the band registered around 250 nm as the build-up of the
“hot” reactant, whose spectral signature overlaps with the 270 nm ESA of the nz*
state.

To validate this interpretation and explain the molecular motions governing the
ultrafast (sub-ps) decay of a major part of the ES population, we performed adiabatic

ab initio MD simulations, whose results are presented in the published paper.

3.4 Conclusions

In this study we have combined TA spectroscopy with sub-20 fs temporal resolution
in the UV range with state-of-the-art computational tools to study the ultrafast
photodynamics of trans-AB. We are able to resolve the lifetime of the m7* state,
the build-up of the n7* population and the following coherent oscillatory dynamics.
We observe a single ultrafast lifetime (~50 fs) of the 77 state which is correlated
to the build-up of the n7m* ESA. Theoretical simulations reproduce with remarkable
accuracy the positions of all ESA bands from the 77* and n7* states and reveal the
origin of the ps-lasting oscillations and, thus, the nature of the vibrational dynamics
activated immediately after decay to the nn* state. Four “hot” modes, all charac-
terized by strong symmetric in-plane bending deformations in the central CNNC
fragment, were identified: 200 cm™!, 300 cm™!, 650 cm ™!, 850 cm~t. Importantly,
neither the experimental nor the theoretical results call for additional ESs in order
to describe the 77 depopulation dynamics. The simulations demonstrate that all
spectral features can be already accurately described under the incorporation of only
m* and nm* states, accounting for the signals registered experimentally.

Figure 3.5 summarizes the decay channels after m7* excitation of trans-AB. A
non-reactive decay channel on the n7* PES becomes accessible after excitation to
the m7* state, which allows the decay to the GS on a sub-ps timescale through an
energetically high lying CI seam reached by strong bending deformations. The latter
are facilitated only after 77 excitation as the AB accumulates nearly 10000 cm™! in
the four “hot” bending modes, which allows for exploring a region far away from the
equilibrium. Molecular dynamics simulations indicate that the “fastest” molecules
could potentially reach the GS within 40 fs.

The interplay between theory and experiment allows us to assign the so-called
“CNN-bending” channel as the main reason behind the violation of the Kasha
rule and behind the quantum yield reduction at shorter wavelengths, cis-AB be-
ing formed only after internal vibrational redistribution from the bending modes

into the torsion on the 1 ps time scale.
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3.5 Appendix - AZO

3.5.1 Experimental details

The differential transmission (AT /T) was measured as a function of probe wave-
length and pump-probe delay. For the set of measurements in the visible range
parallel polarizations were preferred in order to enhance the oscillatory behavior.
In the UV window, perpendicular polarizations were used in order to avoid pump

scattering. The experiments were performed at 7' = 300 K.

3.5.2 Spectra simulation

The simulation of the pump-probe spectra for delay times t, up to 500 fs within the
framework described in Part II, requires the computation of a number of parameters
to feed in the lineshape functions for both the high and low frequency sector of the
spectral density. These include the strength \; and timescale Ai—1 of the system-
bath coupling for the over damped brownian oscillator modeling of the continuum
spectral density (Part I, Eq. (3.27)), as well as the normal modes, frequencies w,,
and displacements d;; for the high-frequency sector of the spectral density. From
these spectral densities one obtains lineshape functions which modulates the non-
linear responses for the different contributions (GSB, SE and ESA). One has to
further compute vertical transition energies ¢; and dipole moments ;. Finally,
the population dynamics must be incorporated by solving the Pauli differential rate
equation (Part II, Eq. (2.60)). In the following we elaborate on how the individual

parameters were obtained.

3.5.3 Kinetic model and lifetimes

The 77* population decays to the nm* state with a lifetime of 60 fs. The n7* pop-
ulation exhibits a biexponential decay. Kovalenko and co-workers estimated that
with a time constant of about 300 fs 50% of the nz intensity decays. Our molecular
dynamics simulations show that this decay is associated with a decay channel to the
GS available only to molecules that have accumulated enough vibrational energy in
the CNN bending bending modes as the n7*/GS energy crossing occurs close to the
turning point along a 0K trajectory. The remaining n7* population decays to the
GS via a torsional mechanism on a few-ps timescale scale after internal vibrational
redistribution. To account for the population splitting we consider the n7* popu-
lation as being formally composed of a fast p,, .« and a slow p,, ..y component,

both exhibiting coherent oscillations and decaying with different rates. The global
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analysis of the transient spectra gave lifetime of 270 fs and 2.4 ps for the fast and

slow components, respectively.
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Figure 3.7 shows the evolution of the population between 0 and 1 ps delay time
starting in the 77 state (initial population of 770* is prr+ = 1). ppo+ denotes here the
combined population of the fast and slow components which shows a peak around

150 fs followed by a biexponential decay. One can see that after 500 fs almost half
of the population has returned back to the GS.
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Figure 3.7: Population dynamics in trans-azobenzene.



3.5 APPENDIX - AZO 201

3.5.4 Electronic structure computations: constructing the DHO

model

In Part I, Chapter 3 we have shown that the system-bath coupling can be modeled
as a set of independent harmonic oscillators linearly coupled to the electronic states.
By employing this model, the damping of the vibrations on the n7* state and internal
vibrational redistribution into the torsion is neglected, as it is not expected to show
in the simulated time window (0-500 fs). The parameters for the DHO model can be
obtained from electronic structure computations (normal modes, excitation energies,
transition dipole moments and nuclear gradients) at few selected geometries.

The parameters for the 77* state were obtained at the GS equilibrium geometry,
while the parameters of the n7* and n7* fingerprint ESA were obtained at the
corresponding ES minima. Gradient projection techniques were utilized to obtain
the displacements d;; between the various PES. The parameters for the n7* state
were obtained through a projection technique based on the Cartesian coordinate
difference of intermediate geometries (minima and conical intersections) along the
relaxation mechanism (second method presented in Part I, Section 3.1.4). The
frequencies were obtained through a normal mode analysis, at second-order Mgller-
Plesset perturbation theory (MP2), while we made use of the RASSCF/RASPT?2

technique for computing the electronic structure of ESs.

3.5.5 Electronic structure of the 77* state and its ESA

Transition energy, transition dipole moment and gradient of the n7* state were
computed at the MP2 optimized trans-AB geometry within Dy, symmetry as the
second root in the B, irreducible representation at SS-RASPT2/SA-3-RASSCF
(4,7]0,0[4,15)/ANO-L[321,21] level where the active space comprises all valence
m-orbitals of the system and eight further virtual orbitals. The so obtained vertical
energy of 3.90 eV (31450 cm™!, 318 nm) matches well the experimental 77* ab-
sorption band maximum (315 nm). The spectral density in Figure 3.8 is dominated
by the NN stretching mode with 1397 cm™! frequency in the high-frequency range
and with a notable contribution by the CCN/CNN bending mode with 225 ¢cm™!
frequency in the low-frequency range. Several other modes found to contribute as
well are shown in the Figure 3.8.

We note that the values of the displacements depend strongly on the method used
to compute the gradient. In constructing the spectral densities showed in Figure
3.8 we used the SS-RASPT2/SA-3-RASSCF (4, 7|0, 04, 15)/ANO-L[321,21| gradient,

thereby increasing the values of the displacements for the 225 cm ™! mode (from 1.48
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Figure 3.8: Spectral density of the m7* state. Most prominent normal modes are shown
below. A weak damping factor y = 5 cm™!
tions.

was applied to broaden the transi-

to 1.75 Bohry/amu) and of the 1397 cm™ mode (from 0.42 to 0.61 Bohry/amu) to
match the experimental intensity distribution in their progressions which have their
maxima in the fourth members (see LA spectra in Figure 3.12). Integrating over the
spectral density one obtains the reorganization energy of the 77* state 4950 cm™—!.
Subtracting the reorganization energy from the vertical transition energy (31450
cm™!) gives an origin for the m7*-band at 26500 cm™!, in a good agreement with
the experimental value of 27660 cm™![194]. In the simulations we shifted the origin
to match the literature value of 27660 cm™?.

The 7n* state was optimized within Dy, symmetry as the first root in the
B, irreducible representation at MS-3-CASPT2/SA-3-RASSCF (4, 7(0,0[4,7)/ANO-
L[321,21] where the active space comprises all valence m-orbitals of the system. An
MS-Ansatz was necessary due to strong state mixing at CASSCF level along the
relaxation path.

The ESA spectrum of the n7n* state was calculated by state-averaging over
twelve states in the A, irreducible representation (i.e. SS-CASPT2/SA-12-RASSCF
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Figure 3.9: Spectral densities of the higher lying ESs 5 (black), 6 (red) and 7 (blue) giv-
ing rise to PA1 (a), as well as 8 (black), 11 (red) and 12 (blue) giving rise
to PA2 (b) in Figure 3.3 of the main text obtained at SS-CASPT2/SA-12-
RASSCF(4,7|0,0]4,15)/ANO-L[321,21] level. Displacements dyj used to con-

struct the spectral densities are taken relative to the minimum 77 . . Negative

contributions arise due to the negative values for of the displacement dy, for
mode k. A weak damping factor ¥ = 5 cm™! was applied to broaden the
transitions.

(4,7]0,0[4,15)/ ANO-L|[321,21]). Among the twelve higher lying states six were
selected as showing large transition dipole moments from the 7#7* state in the simu-
lated spectral window and their gradients were computed at the same level. Figure
3.9 shows the spectral densities of these states with displacements obtained by ap-
plying the gradient projection approach. Figure 3.9a) shows the spectral densities
of the three states responsible for the broad ESA feature PA1 around 600 nm, Fig-
ure 3.9b) shows the spectral densities of the three states responsible for the ESA
feature PA2 around 450 nm in Figure 3.1 of the main article. The displacements of
the higher lying states d; can assume both positive and negative values (as already

pointed out in Part I, Section 5.4).

3.5.6 Electronic structure of the n7* state and its ESA

The FC point is the doorway for the excited wavepacket to the m7* state. Its energy
gradient or relative position in coordinate space with respect to the 77* minimum
allows to extract the active modes governing the vibrational dynamics on the 77*
state. The conical intersection between the 7w7* state nw™ states Clyys/pr- visited
during the coherent dynamics on the n7* state is the doorway for the wavepacket to
the n* state. Similarly, its analysis can help to extract the active modes governing
the vibrational dynamics on the n7* state. Figure 3.10 shows the spectral density

of the nm* state. We resort to geometrical difference for the computation of the
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Figure 3.10: Spectral density of the n7m* state. Most prominent normal modes are shown
below. A weak damping factor ¥ = 5 cm™! was applied to broaden the
transitions.

displacements in this case as gradients generally show larger fluctuations in the
crossing region due to wavefunction mixing. AQ was calculated as the difference
between the geometries of the energy minimum on the nz* state nm},;, and Clir«/pq

as
AQ = Q(nﬂ;in) - Q(CIWW*/TM*) (31)

nr,., was optimized at the same level of the CI (relying on numerical RASPT2
gradients and employing a SS-CASPT2/SA-4-RASSCF (4, 5|0, 0|4, 3) /ANO-L|321,21|
level, where the active space comprises six frontier valence m-orbitals and two oc-
cupied lone pair orbitals localized on the NN fragment), to avoid method-related
artifacts in the evaluation of the spectral density. nzn*-specific normal modes and
frequencies were computed at SA-2-CASSCF(14,12) level, reoptimizing the geom-
etry at this level as RASPT2 frequencies were not affordable. The default scaling
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Figure 3.11: Spectral densities of the higher lying ESs 3 (black) giving rise to PA3 (a) in
Figure 3.3 of the main article, as well as 6 (black) and 7 (red) giving rise
to PA4 (b) in Figure 3.4 of the main article obtained at SS-CASPT2/SA-
12-RASSCF (4, 90,04, 13)/ANO-L|321,21] level. Displacements dyj used to
construct the spectral densities are taken relative to the minimum nn; .

Negative contributions arise due to the negative values for of the displacement

dyi, for mode k. A weak damping factor v =5 cm ™! was applied to broaden

the transitions.s

factor for CASSCF frequencies of 0.91 was used. In Figure 3.10 it is evident that
upon decay to the n7* state energy is stored in four low-to-mid frequency modes:
852 ecm ™!, 660 cm™t, 205 cm ™! and 300 cm™!, all of them showing strong CNN
and CCN bending deformations. The overall reorganization energy available to the
system upon entering the nm* state is 10380 cm™?.

Prior to computing the nm*-specific ESA spectrum a geometry refinement was
+in Within Do, symmetry as the first root in the B, irreducible rep-
resentation at SS-CASPT2/SS-RASSCF (4, 9]0, 0/4,7)/ANO-L|321,21] where the ac-

tive space comprises all valence m-orbitals of the system and two lone pair orbitals lo-

performed for nm

calized on the NN fragment. The purely electronic excitation ¢,,« from the GS equi-
librium, was computed with a larger active space comprising six additional virtual
orbitals in the active space (i.e. SS-CASPT2/SS-RASSCF (4,9]0,0|4,13)/ANO-
L[321,21]) to 18250 cm™!. The ESA spectrum was calculated by state-averaging over
eight states in the A, irreducible representation (i.e. SS-CASPT2/SA-8-RASSCF
(4,9]0,0[4,13)/ANO-L[321,21]). Among the eight states four were selected as show-
ing large transition dipole moments from the n7* state and their gradients were
computed. Figures 3.11 shows the spectral densities of these states.

Figure 3.11a) shows the spectral density of the state responsible for the ESA
feature PA3 at 360-400 nm in Figures 1 and 3 of the main article, Figure 3.11b)
shows the spectral densities of the two states responsible for the ESA feature PA4
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around 270-290 nm in Figure 2.

Note, that the 205 cm™' mode shows an almost imperceptible peak in Figure
3.11a), thus, the potential energy surface of the higher lying state responsible for
ESA PA3 is not displaced along this mode with respect to the n7* state, implying
that the energy gap is independent of the dynamics in the 205 cm ™! mode. Therefore,
within the limits of the applied theoretical model the coherent oscillations with 195

1

em™! frequency observed for PA3 cannot originate from the 205 cm™! mode, but

are rather the result of the interplay of the 660 cm™! and 852 cm™! modes, both

showing appreciable displacements in Figure 3.11a).

3.5.7 Summary of 77* and nn* parameters

* *

T nm
State ¢ (cm™1)  TDM (a.uw.) | State € (cm™1) TDM (a.u.)

™ 27660 2.55 0.00 1.70° | nz* 18250 0.00 0.00 0.00°
root 5 43880 2.01 0.0 1.40 | root1 33557 0.52 0.00 0.21
root 6 41447 2.28 0.0 1.70 | root 3 44683 1.81 0.00 0.98
root 7 42880 2.150.0 1.90 | root 6 50814 1.51 0.00 1.21
root 8 50163 1.37 0.0 1.32 | root 7 53228 1.23 0.00 1.41
root 11 43023 1.09 0.0 0.70
root 12 38782 1.45 0.0 1.31

Table 3.1: (left) Parameters for 77* and related signals (GSB, SE and ESA PA1 and PA2);
(right) parameters for n7* and related signals (ESA PA3 and PA4). ¢ Adiabatic
energies with respect to the GS. ® Transition dipoles with respect to the GS, all
the other TDM describe m7* — root x (left) or nm* — rooty (right) transitions.

3.5.8 Linear absorption spectra

Figure 3.12 shows linear absorption spectra measured (dashed red lines) at three dif-
ferent temperatures, room temperature in ethanol (this study, left), 77K in a rigid
solvent (middle) and 20K in a dibenzyl crystal (right, [194]) together with the simu-
lated spectra (solid black lines) using the 77* spectral density shown in Figure 3.8.
While at room temperature the absorption band has no structure, clear vibrational
signatures emerge at lower temperatures. In agreement with the computations the
vibrational progression in the spectrum comes from the 1397 cm™' NN stretching
mode, while the 225 cm~* CCN/CNN bending mode gives the fine-structure. For
the simulation of the 20K spectrum the coupling to the continuum A was reduced
by half to 400 cm™!.
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Figure 3.12: Experimental (red dashed) and simulated linear absorption spectra for trans-
AB obtained at room temperature (left), at 77K (middle) and at 20K (right).
Room temperature spectrum measured in this study, 77K spectrum, 20K
spectrum (in a dibenzyl crystal taken from ref. 194.

We also report the linear spectra measured by Kovalenko et al.[177], which stud-

ies both the cis- and the trans-AB and extends to observed window to 200 nm.

trans in hexane -
trans in acetonitrile

cis in hexane 4
—— cis in acetonitrile -

nrt* band
A

0.8}

A
=444 nm
exc

A

0.4}

extinction coefficient € (1000 cm™ L/mol)

200 240 280 320 360 400 440 480 520 560

wavelength A (nm)

Figure 3.13: trans-AB and cis-AB absorption spectra in acetonitrile and n-hexane.
Adapted from ref. 177.

3.5.9 Parameters for the OBO model

The parameters for the OBO model (Part I, Eq. 3.27) were chosen so to reproduce

the 77* bandwidth in the linear absorption spectrum at room temperature (see Fig-
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Figure 3.14: Theoretical TA data of trans-AB probed in the visible [350-700 nm| (a) and
ultraviolet [250-380 nm] (b) prior to convolution with a Gaussian in the time
domain.

ure 3.12) where inhomogeneous broadening contribution was neglected. The best fit
was obtained for coupling strength A = 800 cm™! and timescale v = 1/50 fs~'. For

simplification, the same OBO parameters were used for all states.

3.5.10 Accounting for finite pulse duration

Finite pulse duration is accounted for ad-hoc by convoluting the PP signal S (¢5, ws)

with a Gaussian function in the time domain

5(3)(752,&]3) :/

—00

+oo

2
dr S®(1,ws) exp (—%) (3.2)
A standard deviation o = 16 fs was used. Figure 3.14 shows the PP signal (Vis and
UV) prior to the convolution. Oscillations of PA1 [550-700 nm| with a period of
ca. 20 fs, i.e. the period of the 1397 cm™! NN stretching mode, are clearly visible.
Furthermore, one can see oscillations of PA3 [350-400 nm| and PA4 [250-300 nm]|
with a period of ca. 40 fs, the period of the CNN stretching mode with 850 cm™?

frequency. Upon convolution most of these signatures are washed out.
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3.5.11 Active Spaces

€5 M

~

Symmetry B¢

Figure 3.15: trans-AB orbitals of symmetry B, used in the construction of the active
spaces.
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Figure 3.16: trans-AB orbitals of symmetry A, used in the construction of the active
spaces.



Concluding Remarks

My three years Phd activity was aimed at understanding the photoinduced reactions
that take place when light illuminates samples of interacting organic chromophores,
and at developing accurate theoretical and computational tools to simulate their
spectroscopy, eventually gaining new physical insight into the novel emerging prop-
erties of a multichromophoric system.

Two major lines of research were pursued: the accurate computation of quantum
mechanical properties of complex photoactive molecular aggregates (Part I) by state-
of-the-art quantum chemistry approaches, and the description of their non-linear
spectroscopy (Part II).

The first task was tackled by employing the very accurate multireference pertur-
bative CASSCF /CASPT?2 methodology, coupled to the Frenkel Exciton Hamiltonian
approach. The coupling of electronic states to system vibrations was also accounted
for, within the so-called spectral density functions, and demonstrated to be a key in-
gredient for a reliable modeling of system properties. The second goal was achieved
by studying and applying the theoretical principles of non-linear spectroscopy, and
by developing new approaches which allow to overcome many of the limitations
of existing methods (as the PLDM-spectroscopy methodology, outlined in Part II,
Chapter 3).

The complete parametrization of the Frenkel Exciton Hamiltonian of the LH2
system of rhodopseudomonas acidophila (Part 111, Chapter 1), with the chromophores
in their (electrostatic or polarizable) embedding, was obtained: this includes chro-
mophore properties (e.g., excitation energies) and their electronic couplings (com-
puted at the transition density level). The accuracy of the quantum-chemistry

methods here employed and the precise description of intra- and inter- molecular

211



vibrations were combined to the simulation of non-linear spectroscopy (for the first
time extended over the entire VIS-NIR region). This allows to understand the micro-
scopic origin of the measured 2DES spectral signatures, and results in the acquisition
of unprecedented physical insight into the photophysical properties of this system.

The relevance of intra-molecular vibrations in assisting inter-molecular energy
transport processes, was presented in the study of the xanthorhodopsin carotenoid-
to-retinal energy transfer (Part III, Chapter 2). We showed that in this system hot
GS vibrations of the donor molecule can provide an enhanced donor-acceptor energy
matching condition, and a higher probability for energy transfer. This picture was
supported by measured 2DES signals, which reveal the occurred energy transfer
process and confirm that vibrationally hot GS levels of the donor are populated
during this event.

We have introduced a novel approach that combines the partial linearized den-
sity matrix (PLDM) methodology (which describes the system’s dynamics) to the
response function method of optical spectroscopy. This newly developed scheme,
allows for extremely accurate simulation of non-linear optical spectroscopy (Part II,
Chapter 3), and has been shown to overcame many of the limitations of existing tech-
niques, in which either the system dynamics or the simulation of its spectroscopy (or
both) rely on assumptions that restrict their regime of applicability. This achieve-
ment offers an exciting starting point from which to explore the development of
accurate, yet computationally efficient, methods for calculating nonlinear electronic

spectroscopy.

In conclusion, in this work we have shown that only by combining the “inde-
pendent” results from accurate quantum chemical based methods and detailed spec-
troscopic experiments (as pump-probe and 2DES), the complex network of energy
transfer routes can be disclosed, and a clear and detailed understanding of the
system under scrutiny achieved. In this respect, the combination of state-of-the-
art quantum chemical methods and exciton dynamics techniques to the response
function theory of non-linear optics, as in the PLDM approach to spectroscopy,
represents a fertile ground for the development of electronic spectroscopy in silico,
i.e., fully ab-initio approaches to simulate cutting-edge non-linear transient spec-
troscopy experiments, towards the understanding of complex, biologically relevant,

multichromophoric systems.
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