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Abstract

Federico COPPOLA

Development of theoretical-computational methods
for the study of photophysics and photoreactivity

occurring far from the Franck-Condon region

The main vibrational spectroscopy techniques are based on the processes
of infrared radiation absorption and Raman scattering, which are daily used
by chemist to provide deep information on chemical structures and physical
phases of matter even in complex chemical environment. Laser technology
has contributed greatly to the evolution of spectroscopy, introducing even the
time domain (from as to ps) associated with the frequency domain increasing
the resolution and overcoming some limitations of ordinary radiative sources
allowing the observation of ultrafast and transient phenomena in real time.
Such advanced time resolved and non-linear vibrational spectroscopies such
as, i.e., Femtosecond Stimulated Raman spectroscopy and Transient absorp-
tion which are part of the present work, can give further insight at atom-
istic/molecular level on very short time scale about excited state structural
dynamics, proton and electron transfer reactions, isomerizations and so on.
The interpretation of vibrational spectra and the subtle relationships between
the experimental data and the molecular dynamics can be very challenging
to unravel because of numerous concomitant effects (ultrafast transient phe-
nomena, broadening, vibrational couplings, complex matrices) for this reason
it is source of debate. In this regard, the atomistic-level description provided
by a reliable and careful theoretical-computational approach can be a valu-
able aid in interpretation, prediction and further clarification of experimental
evidence. The aim pursued in this PhD project is to study the pivotal phenom-
ena behind photophysical and reactive events affecting photoactive molecules

in condensed phase, using a reliable and accurate theoretical-computational
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methodology. In this work we focus on photoinduced charge transfer reac-
tions of two non-covalent 7-stacked dimers, which have been recently charac-
terized by means of Femtosecond Stimulated Raman Spectroscopy that show
a complex and intriguing photophysical behavior both in the ground and ex-
cited states. In order to unravel the vibrational dynamics of key vibrational
modes and relaxation processes occuring far from Franck-Condon region we
propose a non-canonical theoretical approach based on the Wavelet Analy-
sis of suitable time dependent signals obtained through ab-initio molecular
dynamics simulations, within methods rooted in Density Functional Theory
(DFT) and it’s time dependent version TD-DFT - as the best compromise
between accuracy and computational demands - within the adiabatic approx-
imation for the ground and electronic excited state description. Our aim is
to know what happens on the ultrafast time scale of electronic excited states
translating the inherently anharmonic nuclear motion in terms of vibrational
couplings and relaxation processes along with the time domain. We also
linked vibrational fingerprints to electronic properties, as ultimate goal. We
were able to careful assign the ground and excited state vibrational frequen-
cies, to quantify the anharmonic vibrational couplings among those vibra-
tional modes that play a key role in the photophysics at stake. By analyzing
the temporal evolution of some selected structural parameters, we have iden-
tified the vibrational modes that most affect the adiabaticity between the elec-
tronic states involved contributing to the activation of non-radiative relaxation
channels of the entire charge transfer complex from the excited to the ground
state. This PhD project involved a period of study and training abroad: at
the University of Minnesota under the guidance of Prof. R.R. Frontiera we
investigated a recently synthetized electron acceptor, which presumably un-
dergoes to Singlet Fission when photoexcited. We used Transient Absorption
and Femtosecond Stimulated Raman microscopy to unveil the structural dy-
namics and identify the vibrational fingerprint probes of the formation and
separation of triplets in crystalline phase. Along with this experimental study,
a suitable model and computational method is being developed that can pro-
vide an atomistic description and further insights. In conclusion, the study
of transient and far from equilibrium processes, which represent an emerg-
ing challenge in the field of physical chemistry, is the cornerstone for a deep
knowledge of excited state chemistry which can be monitored and handled to
pave the way for a rational design of more performing photovoltaic, efficient

light harvesting and sensor devices.
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1 Introduction

1.1 Far from equilibrium processes in chemistry

and theoretical-computational challenges

Despite the long millennial history of chemistry, the atomic motion during a
chemical reaction has not been possible to observe in real time. The break-
ing and formation of chemical bonds, as well as structural changes occur very
fast, the time required is about 100 fs. These ultrafast transformations involve
the movement of atomic nuclei and electrons. In 1900 the technological ad-
vancement has allowed to reach time intervals below the second time scale
and since the 80s it has been possible to reach the femtosecond time scale (1
fs=10"15 s), i.e. the time scale of motion of atoms and molecules, thanks to
the invention of lasers that revolutionised the scenario. [1, 2, 3] This made it
possible to extend the arrow of time to orders of magnitude lower (from pico
to femto) and to make the measurement of transient dynamics, routinely. The
advent of this temporal resolution kicked off the so-called Femtochemistry
field, Zewail’s pioneering work earned him the Nobel Prize in Chemistry
in 1999. [4, 5, 6, 7] Femtochemistry deals with observing nuclear motion
and is based on the use of optical spectroscopies in pump-probe configura-
tion (or combined techniques) to trigger chemical reactions and follow their
temporal evolution, mostly, following the change in molecule’s absorption
spectrum. Initially the studies were focused on model molecular systems
(alkali halide reactions) to establish the correct experimental procedures and
develop the theoretical foundations underlying the observed processes and
then embraced a wide range of chemical problems, from the study of ele-
mentary reactions and transition states to the study of complex reactions of
organic chemistry, proton and electron transfer phenomena, up to the dynam-
ics of complex biological systems. Currently, thanks to Femtochemistry, it

has been possible to study covalent, ionic, metallic bonds and weaker ones
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such as hydrogen bonds and weakly van der Waals bounds. The complex-
ity has gradually increased from simple diatomic molecules to proteins and
nucleic acids as well as in different phases of matter. From isolated sys-
tems, to clusters, to liquids, in solids, to the interface and so on. Many ad-
vances in the field of Femtochemistry have been made possible by new and
improved theoretical tools. Furthermore theoretical tools have also reached
a predictive power that guide the experimentalist in designing new experi-
ments. Likewise, recent developments in the theory of nonlinear optics [8, 9]
paved the way for modern and powerful multidimensional spectroscopic tech-
niques that have extended Infrared and Raman techniques to new dimensions.
[10, 11, 12, 13, 14, 15, 16, 17] This has allowed chemists to go beyond de-
ciphering and elucidating the molecular structure and vibrational relaxation
processes towards studying the vibrational couplings quantitatively. [18, 19]
Recently, new techniques have been developed to probe molecular structural
dynamics which provide a direct way of observing the dynamic evolution of
a chemical system by offering the possibility of recording a molecular movie.
[20, 21, 22, 23, 24] The methodologies developed to date are very versatile
and general, and extend investigations even in the excited state as well as in
the fundamental state. Combined with several other spectroscopy techniques
the complete sequence of events of a biological function from the first in-
stants to the final outcome is now described. [25, 26, 27] Further progress of
chemical interest which deserves to be mentioned, albeit briefly, concerns the
recent implementations aimed at the study of electronic dynamics. [28, 29]
Electrons are the main actors in forming and transforming chemical bonds
and travel at such a speed that a temporal resolution of the order of attosec-
onds is required (1 as = 107'% 5). The attosecond technology has offered a
number of tools to observe the ultrafast motion of electrons and could give
the possibility in the near future to precisely control electronic dynamics in
complex systems, extending the possibility to a new way of doing and manip-
ulating chemistry, the era of the attochemistry. Currently the scientific litera-
ture on the subject is more and more vast. [30, 31] Even the development of
modern attochemistry would not have been possible without the fundamental
theoretical foundations. Modeling and numerical simulations have allowed
on the one hand the development of new experiments and on the other hand
they help in the prediction and understanding of complex data analysis al-
though the accurate description of what happens following attoseconds pulses
is still a challenge. In order to predict and understand the complex outcome

of such experiments, the resolution of time-dependent Schrédinger equation
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for all the electrons and nuclear degree of freedom immerse in a strong elec-
tric field neglecting the powerful Born-Oppenheimer approximation, become
mandatory. But the exact solution is computationally inaccessible except for
very simple systems. Recently some methods have been developed to de-
scribe dynamics on multiple surfaces [32, 33, 34, 35, 36] and some of them
allow to take into account the effect of the laser field. [37, 38, 39] To the full
quantum mechanical treatment an appealing alternative approach is the ab-
initio molecular dynamics that relies on semiclassical trajectories to describe
the nuclear dynamics and an ab-initio treatment of the electronic structure.
[40, 41, 42]

1.1.1 Normal modes definition from molecular dynamics

The ab-initio molecular dynamics (MD) and in particular the molecular dy-
namics based on the Extended Lagrangian methods are extremely important
and revolutionary in the MD framework because they have given access to
the study of very large systems. The first implementation is to be attributed
to Car and Parrinello, [43, 44] methods such as Born-Oppenheimer (BO)
and Ehrenfest molecular dynamics also belong to this family approach, too.
[45, 46,47, 48] The basic idea is to consider the electron density as a dynamic
variable by introducing in addition to the real phase space, a fictitious phase
space by introducing an inertia (a fictitious mass) to the electron density. By
critically choosing the fictitious mass, the Born-Oppenheimer approximation
is still valid, the nuclear motion is decoupled from the electronic motion, but
it is possible to propagate nuclei and electrons simultaneously. The term ab-
initio does not configure a quantum molecular dynamics, the dynamics is still
classic in fact the nuclear motion (and therefore the equations to be integrated)
does not differ from the classical MD. On the contrary, the energies and its
first derivative with respect to the coordinates (forces) are calculated through
the electronic structure methods using an integrators to integrate Newton’s
equations of motion. The energies and the forces acting on the nuclei are
computed from electronic structure calculation performed on-the-fly at ev-
ery step of the dynamics trajectory, the SCF-iteration procedure is calculated
only at the first step. According to the variational principle, it is possible
to solve the electronic problem (by means of DFT or post-HF methods) for
each point of the Born-Oppenheimer single PES starting from an initial con-
figuration of the nuclei by calculating energy and forces from first principles.
With these methods we consider the temporal evolution of the nuclei and for
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each instant the electron density is perfectly relaxed to them, we are not fol-
lowing the temporal evolution of the Schrodinger equation in which electrons
and nuclei are described by the respective wave functions, therefore is not
a quantum dynamics. In this work we used the propagation scheme known
as Atom-centered Density Matrix Propagation (ADMP) [49, 50, 51, 45, 52]
rather than the Car-Parrinello dynamics. In this representation, the density
matrix it is constructed using the coefficients of the gaussian based atomic
orbitals and are centered on the nuclei. The ADMP scheme is more suitable
for the description of molecules (non-periodic systems) as well as perform-
ing hybrid Quantum Mechanical / Molecular Mechanic (QM / MM) meth-
ods if necessary. Moreover, the problem of parameterization of the force
fields of molecular mechanics is avoided. With AIMD it is possible to access
time scales of the order of pico or sub-picoseconds, rather than nanoseconds
time scale of classical MD, and therefore study reactivity, fast photophysi-
cal events, rotational and vibrational motion, charge transfer events, as well
as having an accurate statistics of nuclear motion up to hundreds of atoms.
The ab-initio molecular dynamics simulations presented below refer to the
ADMP scheme for the fundamental electronic state and BO/TDDFT in the

linear response formalism, for the simulations of the excited electronic state.

Vibrational spectroscopy techniques (such as IR and Raman) allow to have
deep information about the molecular structure, also taking into account the
effects of the chemical environment. The interpretation of vibrational spectra
can be very challenging to disentangle due to numerous concomitant effects
(broadening, vibrational couplings, complex environment). Computational
spectroscopy and in general a theoretical-computational approach can be a
valuable aid in interpretation, prediction and for further clarification. The
resolution of the vibrational problem relies on a system of non-interacting
molecules by decoupling the nuclear degree of freedom from the electronic
one (Born-Oppenheimer adiabatic approximation); the models of the har-
monic oscillator and the rigid rotor also allow the vibrational motion to be
treated separately from the rotational motion. The so-called Hessian-based
methods solve the vibrational problem from a quantum mechanical point
of view of vibrational states. They are based on a stationary-state picture
of the system, indeed the geometry used for vibrational analysis must be a
minimum on the potential energy surface, then differences with the experi-
mental data is often the result (in addition to methodological errors) of an
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inadequate inclusion of anharmonic effects. Often the quickest solution con-
sists in scaling the vibrational frequencies through suitable scaling factors.
[53, 54, 55] Nowadays, harmonic and anharmonic vibrational frequencies
can be straightforwardly computed for isolated or condensed-phase systems
up to medium-sized molecules. [56, 57, 58, 59, 60, 61] The resolution of
the vibrational problem by a quantum mechanical approach can be not suit-
able when large molecular systems like proteins or other biological macro-
molecules are considered especially if they are characterized by large number
of degrees of freedom (such as in condensed phase), finite temperature ef-
fects, strong anharmonicity and not negligible coupling between modes. In
these cases, an alternative approach able to overcome these limitations should
be invoked. Vibrational spectra can be alternatively computed exploiting dy-
namic and statistical mechanic approaches based on the Fourier Transform
analysis of atomic velocities or dipole moment time correlation functions.
[62, 63, 64, 65, 66, 67] In principle it is possible to obtain a complete descrip-
tion of the vibrational modes activated at the temperature of the molecular
dynamics simulation, the couplings between vibrational modes as well as an-
harmonicity are intrinsically included. AIMD approach is essential to obtain
a reasonable physical picture of the system under study. From the AIMD tra-
jectories the so-called generalized-normal modes can be extracted and their
relative vibrational spectra (comparable to IR and Raman spectra) are com-
puted by means of the Fourier Transform. [68, 69, 70, 71, 72] In the following
we describe the main features of our approach comparing our findings with
more rigorous methods, based on quantum mechanical anharmonic treatment
and experimental findings when available. We get the so-called generalized-
normal modes by using covariances of cartesian atomic velocities extracted
from AIMD simulations. The basic assumption is that generalized-normal
modes correspond to uncorrelated momenta of atoms. These modes are de-
scribed by the vector Q = {Q;,i = 1,3N} where N is the number of atoms.
The protocol employed for the ground state sampling consists of: for each
step of the trajectory, rotational modes of the system have been projected out
by a minimization procedure of the angular momentum with respect the ori-
entation assumed by the molecule in the first time step - in this work, the
angular momentum minimization procedure required for this analysis (see
Ref. [72] for a more detailed discussion) was applied only for coordinates
and momenta of the subsystem of interest rather than for the entire complex,
since in this way an improved description (less noisy spectra and smoother

peaks) of the vibrational modes composition and relative spectra have been
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obtained. Generalized-normal modes Q are obtained by the transformation
matrix L, which diagonalizes the covariance matrix of the mass weighted

atomic velocities K, with elements:

mim;

Kij = == ((a= () (= (%)) (L)

where i and j run over the 3N Cartesian coordinate and X are the mass-
weighted displacements from an average structure (x). The normal modes
have been obtained as eigenvectors of K while eigenvalues of K provide av-

eraged kinetic energy for each mode.

For the excited state ab-initio molecular dynamics simulations we assume
that the unitary transformation matrix L is unchanged with respect to the
ground state quantity, this approximation allowed us to project the excited
state mass weighted atomic velocities along ground state generalized-normal
modes vectors:

Q'(t)y=L"Y (1.2)

The system velocities have been projected along each normal mode in order to
obtain the time evolution of the normal mode Q and then their autocorrelation

functions have been calculated:

oo . . .
P(@) = [ (0u0)- Ouln) e (a3

The vibrational frequencies of specific internal coordinates (time evolution
of selected structural parameters) were also investigated, when necessary. At
this point we can sketch the advantages and disadvantages of static and dy-
namical approaches in solving the vibrational problem. The calculation by
the static approach can extend up to small-medium sized molecules and is
not feasible for large molecules or in solution, the anharmonic contributions
can be included variationally, self-consistently and perturbatively and recov-
ered almost entirely. The anharmonic couplings are obtained from the study
of the cubic and quartic force constants, the combination bands and the over-
tones are obtained automatically. The time-dependent approach, from ab-
initio molecular dynamics, allows to calculate the electronic structure via the
extended Lagrangian scheme and in principle, the systems under study are
not limited by the number of atoms. Unlike static methods, there is a correct

description of floppy modes (i.e. hydrogen bonds), anharmonic intensities
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and fundamental bands. The drawbacks of the two classes of methods are:
the calculation of the electronic structure implies the SCF convergence, the
PES is approximate, the anharmonic calculation is limited by the size and
the floppy modes are poorly described, in the non-dynamic approach. While
from AIMD the anharmonic contribution is partially recovered, the anhar-
monic couplings are, at the moment, qualitative, and the determination of
combination bands and overtones is laborious. Our theoretical-computational
protocol relies on the Wavelet Transform (described below, in the next sec-
tion) for the analysis of suitable signals extracted from the AIMD trajecto-
ries. Due to its ability to catch the instantaneous time-frequency correlations
it is now possible discerning whether and what modes are coupled, when a
specific mode is activated afterward the shutdown of another. In this way
theoretical calculations can get closer to modern time-resolved spectroscopy

techniques.

1.1.2 Wavelet-based transient vibration analysis

Most of the natural physical signals (acoustical, electrical, optical) is inher-
ently non-stationary, this means that it is variable in time domain. A non-
stationary signal is well represented by a combination of periodic functions
and in order to understand origin and properties contained, it must be anal-
ysed. Transforms are mathematical processes adequate to get such informa-
tion; a certain number of transforms exists and one of the most employed in
the chemical field is the Fourier Transform (FT). In this work, for example,
we computed the FT of the normal modes velocities autocorrelation function
C (1) to get the related vibrational power spectra:

Flo) = / Clr)e i dr (1.4)

where o is the angular frequency. Fourier analysis is suitable when a signal
is stationary-type, i.e., that does not vary in time. The FT gives an average
description being local in frequency and global in time preventing to know
when an event has occurred. When dealing with non-stationary signals, such
as signals extracted from excited state non-equilibrium molecular dynamics,
the Fourier analysis becomes no more appropriate by construction because
the time dependence of the signal is not retained, for this reason a different
kind of analysis is strictly necessary for our purposes. A significant contri-
bution was introduced by Gabor (Short Time Fourier Transform, STFT) [73]
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accommodating the FT to the analysis of small temporal range, decomposing
the signal via the "windowing" procedure. In the STFT a gaussian window
function g(t) is introduced in the standard FT and therein the signal is assumed
to be stationary. This technique has been recently used to unravel the role of
nuclear dynamics on plasmon lifetime. [74] The drawback (Gabor limit) of
this approach is that, the resolution is the same for all frequencies present in
the signal. The nature of many signals, instead, requires a more flexible anal-
ysis in order to determine more accurately both fime and frequency domains
with higher resolution. Simultaneous localization of a signal both in time and
frequency domain is an appreciate feature also for comparisons with modern
time-resolved spectroscopic signals. In this context the Wavelet Transform,
seems to be the best fit to analyze the signals extracted from time-dependent
MD simulations. Fourier analysis consists in decomposing a signal into si-
nusoids of different frequencies and, similarly for the Wavelet based analy-
sis, the signal decomposition is carried out by means of wavelet functions.
However many key differences characterize such two techniques. A time re-
solved vibrational protocol was applied to analyze time dependent quantities
extracted from AIMD trajectories, relying on the continuous Wavelet Trans-
form (cWT). [75, 76] At variance with other available techniques for signal
analysis, such as Fourier Transform (FT) and Short-Time Fourier Transform,
the continuos wavelet transform allows for multiresolution analysis enabling
to observe the underlining peaks in the time domain. A comparison of the
different resolution achieved from STFT and the WT is well described in the
following figure 1.1.

STFT (short-time-Fourier-transformation) WT (wavelet-transformation)

Figure 1.1. Comparison of STFT and WT in time-frequency plane

This technique has been vastly used to obtain accurate analysis for tran-
sient phenomena such as time-resolved fluorescence [77], reactivity in ex-
cited states [78, 79], polaron pairs formation in excited semiconducting or-

ganic polymers [80] and photorelaxation in solution [81]. The cWT acts on
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a given time-dependent signal S(z) in accordance with the relation reported
below:

W(ab) = [ SO0 (1.5)

The mathematical expression of a wavelet mother function is the following

one:

V(1) = |a|—%w<’;f’) (a.b € Reia > 0) (16)

|a|% is a normalization factor, a is the scale parameter, proportional to the in-
verse of frequency and b is the translation parameter which shifts the y func-
tion along the time axis for each value of a. By varying these two parameters
it is possible to analyze a given signal evolution extracted from AIMD simu-
lations preserving the temporal information in addition to the frequency one.
In the present work we chose the Morlet wavelet as mother function [76], y
which provides optimal time-frequency resolution for the nature of our time-
series according to previous studies [77, 78, 79, 80, 81]. The cWT of signals
computed from AIMD trajectories in both ground and first singlet excited
states, these last ones conducted considering an average over the excited state
trajectories, are presented as 2D (perspective) maps to facilitate reading. The
time domain was reported on the x-axis in femtosecond (f's), on the ordinate
the frequency range in wavenumber (cm~!) with a frequency resolution of
about 30 cm™! and the color scale states for the magnitude |W (v,¢)?| of the

power spectrum.

1.2 The new frontiers of vibrational spectroscopy

All chemical, physical and biological processes that occur on timescales of
less than microsecond are generally referred to as ultrafast processes. The
most challenging and interesting processes take place within sub ps - fs time
regime, which is why they are difficult to access and to understand. [82] To
follow an ultrafast process is required an adequate temporal resolution which
can be achieved through a fine control of the light sources during the ex-
periments. Raman vibrational spectroscopy relies on the inelastic scattering

of photons and is a powerful spectroscopic techinque that provides chemical
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and structural information about chemical systems regardless of the physical
phase. Today is employed, along with numerous variations that exist [83], in
many various field as chemistry, life sciences, geology and because it can be
used remotely (with the use of fibre optic) and is a non-destructive technique,
in cultural heritage. [84, 85, 86] One of its downsides is that spontaneous
Raman scattering is typically very weak (small cross-section) which can be
hidden by fluorescence, and it is also difficult to obtain Raman spectra with
a favorable signal-to-noise ratio. The pump-probe and nonlinear implemen-
tations has made this technique sensitive to the study of the time-resolved
structural dynamics. In such an experiment, a pump pulse excites and induces
modifications to the molecular structure of the sample under examination and
the structural evolution of the system is subsequently interrogated by a probe
pulse, whose wavelength is close to resonance with an electronic transition.
By varying the time delay between the two pulses, one can retrieve the time
scales of the ongoing processes. This setup is limited only to the picosecond
domain, therefore it is not suitable for the study of events that occur between
tens of fs and 1 ps.[87]

For the purposes of this research work, we therefore need a spectroscopic
technique capable of probing the molecular structure on the time scale of
atomic motion. In recent years some research work [77, 81, 78, 79] carried out
in this research group has often interfaced with the experimental evidence ob-
tained through advanced time-resolved vibrational spectroscopic techniques,
first of all the Femtosecond Stimulated Raman Spectroscopy (FSRS) which
has allowed over time to develop a computational protocol aimed at simu-
lation and detailed analysis of such experiments. FSRS is a new ultrafast
spectroscopic technique which allows access to vibrational structural dynam-
ics with a high temporal and spectral resolution (up to 50 fs and 10 cm™!,
respectively) [88, 89, 90], as well as the direct observation of anharmonic
couplings in the time domain. [91] These incredible features paved the way
for the study of reactive events in the time domain in small molecules up to
complex biological systems. [25, 92, 27, 93, 94] The concept behind this
technique in the standard implementation is that a femtosecond pump pulse
or actinic pulse excites a ground state population to an excited state initiating
the photochemistry of interest. The structural evolution onto the reactive po-
tential energy surface is then interrogated, after a variable time delay, by the
simultaneous interaction of a narrow bandwidth picosecond Raman pulse and

a broadband femtosecond continuum Raman probe which are responsible of
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the stimulated Raman scattering.
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Figure 1.2. Left panel: pictorial potential energy surfaces involved in a typical FSRS experiment. A
fs-actinic pulse (1) triggers the photophysical/photochemical process of interest. After a time delay
AT, the interactions with ps-Raman pulse (2) and fs-Probe pulse (3) create a vibrational coherence on
the excited state PES (central panel, FSRS in the time domain). At a later time, another interaction
with ps-Raman pulse leading to emission of a photon at the same energy as the vibrational transition.
Right panel: the ground state Raman spectrum of cyclohexane is generated by the narrow bandwidth
Raman pulse (green) and a broadband Raman probe (purple) on the red edge of Raman pump. When
both pulses are sent to the sample, features appear on the top of probe spectrum (blue). Images from
Ref.[88].

In the present PhD project, we used Femtosecond stimulated Raman spec-
troscopy to provide new insight about the structural dynamics occurring dur-
ing the Singlet Fission event in a brand-new molecule promising in the or-
ganic photovoltaic field. Our results are discussed in Chapter 4, a detailed

experimental procedure of the FSRS setup is reported in the Appendix A.

1.3 Charge transfer systems

Following the light-matter interaction, a chemical species it is promoted from
the fundamental electronic state to an electronically excited one which has
its own chemical and physical properties. The excess of energy it is read-
ily distributed in the various degrees of freedom to which the system has
access, then follow multiple and competitive relaxation pathways - to pho-
toreactivity, to radiative or radiationless energy dissipation - until it returns
to thermodynamical equilibrium state. A comprehensive schematization of
the photophysical processes and the time scales within which they occur is
reported in the well-known Jablonski energy diagram in 1.3. This study

aims to investigate about the vibrational energy redistribution in far from
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Figure 1.3. Jablonski energy diagram. The electronic states are indicated with thick lines, vibra-
tional states with thinner lines. Straight arrows are for radiative transitions, wavy arrows indicate non
radiative processes. The legend (inset) shows the time intervals with which these processes take place.

equilibrium processes through a theoretical and computational approach tai-
lored to simulate and disentangle, at molecular level, the experimental data
from modern ultrafast time-resolved spectroscopic techniques. In this con-
text, discrete molecular systems that undergo to significant rearrangements
of electron density as in charge transfer (CT) state, are of particular interest
although their modeling is actually quite challenging due to the number of
crucial issues to consider as geometries, weak interactions, electronic struc-
ture and dynamics. Charge transfer process is an ubiquitous phenomenon
of paramount importance in chemistry, [95, 96] biology [97, 98] and ma-
terials science [99, 100] and is a very active area of research due to the
constant demand for new forms of energy based on chemical devices more
durable, safe and performing, numerous studies are now being conducted
on charge transfer systems to increase their potential and attempt to replace
costly rare-earth metals and / or toxic materials. Such a process can be
photoinduced at the interface between two materials [101, 102] in conju-
gated polymers [103, 104], intra- [105, 106, 107, 108] or intermolecularly
[94, 93] and in metal-ligand coordination complexes. [109, 110, 111] An in-
termolecular charge transfer complex - the focus of the present work - is an
intensely coloured molecular system formed by the weak interaction of a 7-
electron donor (D) and 7-electron acceptor (A). Weak D-A complexes have
attracted interest since the discovery of the conductive metal-like properties
of the tetrathiafulvalene-tetracyanoquinodimethane complex in early seven-

ties [112, 113, 114, 115, 116] and recently they have regained popularity due
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to their versatility in a wide range of fields such as organic opto-electronic
[117], solar energy conversion [118, 119, 120, 121] and non-linear spec-
troscopy. [122, 123, 124] According to the Mulliken D-7-A complexes the-
ory, [125, 126] a CT complex is constituted by the two independent subunits
forming a non-covalent dimer with an acid-base Lewis character, thus a par-
tial donation of electronic density stabilizes the dimer formation giving rise to
mutual Coulomb interactions. When in solution, the complexation lead to a
small charge transfer which strongly increases upon photoexcitation leading
to a CT state (DP /AP ™) in which the electron density reorganization is over-
all markedly different from that in the ground state. The electronic spectra
of these adducts show new absorption bands, absent in each monomer, that
usually correspond to transitions from the donor-acceptor frontier orbitals,
for example, the first CT state involves the electron density redistribution
from the HOMO to the LUMO, respectively. Regarding non-covalent molec-
ular systems, such CT bands are typically observed in well-planar aromatic
molecules and high electron affinity acceptors in which their interplanar dis-
tance and relative orientations are of particular interest and play a key role in
the CT event modulation. Upon photoexcitation the sudden electronic density
reorganization induces relevant forces and structural reorganizations which
cause vibrational frequency shifts, allowing to probe the ultrafast nuclear re-
organization in the so called Franck-Condon region, until the system rapidly
decays into the electronic ground state. Two CT systems studied in the fol-

lowing work are shown in the following figure 1.4.

r«“ﬂ ey =

Figure 1.4. Ball and stick graphical representation of Tetracyanoquinodimethane: 7 :Tetramethyl-

benzene (TCNQ:TMB) (left) and Ethenetetracarbonitrile: 7 :1-chloronaphthalene (TCNE:1CIN) CT

complexes. Carbons are reported in grey, hydrogens in white, nitrogens in blue and light green for
chlorine.

The advent of ultrafast pulse laser (fs pulses) and LEDs technologies has
meant a remarkable enhancement of the time and frequency resolution of

modern mono- and multi-dimensional spectroscopic techniques [89, 127, 128,
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129] paving the way to the investigation of fast transient dynamic photophys-
ical and photochemical processes in real time. Despite of this, a detailed
interpretation of such non equilibrium phenomena at the molecular level can
be only provided by ab-initio simulations. The required theory has to simul-
taneously deal with an accurate description of the weak dispersion forces be-
tween the subunits, non equilibrium processes, and the inherently challenging
excited states hypersurfaces topology. CT systems require also a very good
description of both non covalent interactions and spatially delocalized exci-
tations (i.e., valence-Rydberg, doubly excited, 77*). Both phenomena need
an accurate description of electronic correlation by employing multiconfigu-
rational methods. On the other hand, these methods remain impractical for
medium-large sized molecular systems since they scale with the fourth or
higher power of the number of basis employed.[130, 131, 132, 133, 134] Den-
sity Functional Theory (DFT), due to its relative lower computational cost
compared with ab-initio post Hartree-Fock methods and competitive accu-
racy, is today the most widely used electronic structure method that can come
in the aid for the study of problems ranging from biological macromolecules
in complex environments to molecular crystals in materials science. A well-
known DFT shortcomings of common exchange-correlation (XC) function-
als is the inability to describe long-range asymptotic Coulomb electronic and
dispersion interactions (e.g., van der Waals forces) accurately because they
are just functionals of local electron density or its gradient. In this frame-
work, the performances of pure, hybrid and double hybrid XC-functionals
have been systematically reported in dealing with interaction energies or op-
tical properties prediction. [135, 136, 137, 138, 139] These interactions can
play a fundamental role in determining the PES shape and therefore the cor-
rect physical and chemical interpretation of the phenomenon under study and
then should not be neglected. [140, 141, 142, 143] It is clear that an accu-
rate description of weak interactions within computationally less demanding
methods would be ideal especially for the study of large systems. Numerous
approaches have been developed to attempt to include dispersion forces in
methods based on density functional theory. One approach relies on devel-
oping core potentials to account for London dispersion forces. [144] The pa-
rameterization of exchange-correlation functionals by exploiting high-quality
benchmark databases, in which weak interactions play a predominant role,
has led to the development of the family of functionals known as Minnesota

functionals [145, 146, 147, 148] which have proven successful for modeling
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weakly bound complexes. Although these functional ones have been exten-
sively tested and used in quantum chemical calculations they are not free
from doubts about their accuracy. [149, 150, 151] Empirical dispersion cor-
rections provide a reliable way of including dispersive interactions without
affecting DFT computational cost. The main idea is based on the addition of
empirically computed damped dispersive interactions to the usual self con-
sistent Kohn-Sham energy. A damping function [152, 153] is accounted to
avoid double-counting of correlation effects and to determine the range of the
correction. This approach has led over the years to the development of the
so-called DFT-D methods of which Grimme [154, 155, 156, 157] is among
the most active in the field. The current implementation, named DFT-D3, is
applicable to all elements of the periodic table, both for organic and metal-
lic systems, and is typically 10% accurate compared to CCSD(T) accuracy.
Cutoff radii and dispersion coefficient are computed ab-initio by DFT and
TDDFT methods along with extended basis set and this makes this method
less empirical than the previous ones. [158, 159] The methods briefly illus-
trated here are now widely used in the modeling of systems interacting in
ground state and have proved satisfactory compared with the highly demand-
ing wavefunction-based method. Dispersion corrected time-dependent den-
sity functional calculations on weakly bound complexes, is proven to be sat-
isfactory for excitations to different valence states, compared to EOM-CCSD
and MP2 calculations, but still inaccurate for excitations to Rydberg states
and electronically excited states for which the electron density is strongly
different from the ground state and would require a state specific dispersion

correction. [160]

1.4 Singlet fission in diarylindenotetracene semi-

conductor

Currently one of the greatest challenges facing humanity is the exhausting
search for new energy sources that are clean, easy to use and that can avoid
the worst consequences of climate change induced by the combustion of fos-
sil fuels. Among the various forms of alternative energy to those based on
petroleum products, the organic electronic [161, 162, 163, 164] has an excep-
tional potential in converting energy from sunlight to usable energy forms,
that can lead to renewable, cheap and clean energy sources which are starting

to become part of our everyday life. Solar energy is considered to be the best
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alternative to fossil fuels but around 1% is now used to meet the incredible
demand for energy. This demand for cheap, sustainable and small electronic
devices has driven chemists, from both academia and industry communities
to advance the field of the organic electronics through the rational synthetic
approach to get new electron-donor (p-type) and electron-acceptor (n-type)
molecules to be used in organic solar cells. n-type materials based on pery-
lene diimides [165, 166, 167, 168, 169] and fullerene Cg [170, 171, 172, 173]
dominated the organic photovoltaic scene due to the high electronic affinity
and the excellent solid state properties of this latter (as the isotropic charge
transport). But a number of disadvantages of fullerene compounds (low sta-
bility, high cost and poor absorption in the visible range) have led to the devel-
opment of novel electron acceptors based on non-fullerene moieties, to over-
come such limitations, that show greater potential in the framework of organic
photovoltaic materials (OPVs) [174, 175, 176, 177, 178, 179, 180, 181]. Or-
ganic electronics showed several advantages and competitiveness compared
to inorganic materials including the potential for the production of flexible,
lightweight, cheaper, and easily tunable devices. The inclusion of functional
groups on a specific molecular core, can modulate the frontier molecular or-
bitals gap (HOMO and LUMO), modify the crystalline structure, enhance
the light absorption, the solubility or the photostability and the efficiency
of charge transport from one unit to another. To improve the efficiency of
these organic materials it is necessary to have a detailed knowledge about
the mechanisms of energy exchange and charge transport (excitons). In this
context computational modeling, combined with time resolved vibrational
spectroscopy techniques, can provide the necessary tools in prediction, un-
derstanding of structure-function relationships and in the discovery of new
suitable materials going beyond a static view of nuclear and electronic prop-
erties as the dynamics aspect of photoinduced processes are of paramount
importance. Taking into account the dimensions of the systems under study,
sometimes very large, modeling requires a very tailored approach which is
the result of the compromise between computational cost and accuracy. A
whole family of compounds based on indene scaffold derivatized in different
ways has recently been proposed as a promising replacement for fullerene
compounds for photovoltaic materials. [182, 183] Among these new classes
of n-type compounds, in the present work we intend to study a recently syn-
thetized diarylindenotetracene-based compound asymmetrically functional-
ized with two methoxy groups, from an experimental and computational point

of view. The structure of the diarylindenotetracene under study is shown in
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1.5, consisting of a tetracene backbone fused with a methoxy derivatized in-
dene in the center and two phenyl rings on the opposite side, of which one of
them bears a second methoxy group. We will use an acronym to refer to this

system much more easily: DimethoxyASI.

Figure 1.5. Monomeric structure of the electron-deficient asymmetrically substituted diarylindenote-
tracene, IUPAC name: 2-Methoxy-9-(4-methoxyphenil)-10-phenylindeno[1,2,3-fg]-tetracene, Car-
bons are reported in grey, hydrogens in white, red is for oxygens.

The ability of these compounds to act as electron acceptor arises from the
anti-aromatic 4n m-system conjugated five membered ring. The uptake of
2 electrons turns this molecules aromatic and then good electron acceptors.
The characterization and synthesis can be found in the reference literature.
[182, 183]

The efficiency of a photovoltaic device is limited at only 32% by the theoreti-
cal Shockley-Queisser limit [ 184] due to unabsorbed photons or to the energy
excess conversion to heat. Several strategies have been proposed so far to
overcome such limitations and to design systems that can be useful in new
generation solar cells. This limit can be increased up to 45% [185] through
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a process known as Singlet Fission (SF) [186, 187] that is a photophysical
process which takes place in specific molecular chromophores in which the
excited singlet state S| of a chromophore shares its excitation energy to a
neighbouring ground-state chromophore converting both into two triplet ex-
cited states (T{-T;). SF does not occur in single molecules, the presence
of multichromophoric system is required. The process occurs when the en-
ergy of the S; state is greater or equal to twice the energy of the triplet state
Ty (E(S1) > 2E(T))). SF is a spin-allowed process reverse to T1-T; anni-
hilation and is a special case of internal conversion (IC). It can be very fast
in crystals, on a sub-picosecond timescale competing with vibrational relax-
ation. Net one photon excitation creates two hole-electron pairs. This high
efficiency in singlet - triplet conversion and the long lifetime of the generated
triplets makes SF particularly appealing for practical applications as high-
performance devices, solar cells with improved efficiency. [188, 189, 190]

The overall process of the SF can be simplified as in eq. 1.7:

a)Soa +Sos — S1a + Sos
b)S1a+Sop — CT(S55%) <" (TiT1)ap =" (Ti---Ti)ap = Tia+ Tip (1.7)
¢)S1a+Sos ' (TiT1)as =" (Ti -+ T1)ap = Tia + Tig

Considering a multichromophoric system, the incident photon excites the A
molecule from the ground Sp4 to the first excited state Si4, eq 1.7a), the B
molecule is still in its ground state Sop. At this stage two different mechanism
have been proposed, a two step mechanism, eq 1.7b), in which the conver-
sion of the singlet to the triplet state is mediated by a stable CT intermediate
(S5 S7) with strong cationic and anionic character to then continue towards
the formation !(T; T})ap and separation of the two triplet states Ti4+T1p;
or the direct mechanism eq 1.7c), in which the excited S;4 chromophore
shares its energy with the Sop chromophore and then proceed towards the last
stages, triplet formation and separation ' (7} T1)ag, '(Ti -+ Ti)ap, T1a+Tip.
The process is distinct from intersystem crossing (ISC), in that singlet fission
does not involve a spin flip, but is mediated by two triplets coupled into an
overall singlet. Typical for acenes and polyacenes, the exciton multiplication
may improve photovoltaic cells efficiency since the back electron transfer to
the ground state would be spin-forbidden. The long lifetime of the triplets

would help the exciton diffusion on the one hand, but there may be a greater
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chance of quenching. Since its first discovery in anthracene crystals [191],
further classes of compounds are known today [192] which can absorb high
energy photons and give more than 100% of quantum yield (QY)[190], it
is theoretically possible to achieve a QY of 200%. We intend to investigate
the structural dynamics associated with the SF event from an experimental
and theoretical-computational point of view, and possibly study the migration
phenomena of the excitons to give further useful insights in understanding the
photophysics at stake and provide ideas into the rational design of performing

devices.

This experimental part of this project was carried out in the Chemistry De-
partment of the University of Minnesota in the laboratories of prof. R.R.

Frontiera.
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2 Excited State
Time-Resolved Vibrational
Dynamics: the Challenge of

Charge Transfer Complexes

2.1 Background and motivation

In this Chapter we will discuss our results about a non-covalent CT dimer
which consists of an electron donor, tetramethylbenzene (TMB), and an elec-
tron acceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ). TCNQ is a versa-
tile electron acceptor [193] due to high electron affinity (between 2.88 and
3.38 eV) and its ability to form charge transfer complexes [114, 194, 96]
with a wide variety of electron donors, from organic and inorganic [195]
molecules to metal surfaces. [196] Since its synthesis to date has attracted
great interest and has assumed a very important role also in the solid state
chemistry research area. [197, 198, 199] Recently, Femtosecond Stimulated
Raman Spectroscopy (FSRS) [89, 93] has been used to examine the vibra-
tional dynamics of the photoinduced charge transfer within this non-covalent
electron donor/acceptor (EDA) complex. Once in solution they combine
in a m-stacked dimer and following the photoexcitation an electron trans-
fer (ET) from the TMB to the TCNQ molecule is supposed to happen. In
dichloromethane solution the TMB:TCNQ complex has a broad, featureless
CT absorption band in the 600 - 450 nm region (2.07 - 2.76 eV). The CT tran-
sition is supposed to be characterized by an intermolecular excitation from
the HOMO of the TMB to the LUMO of the TCNQ. Considering also that
the Raman spectra of the chemically generated anion TCNQ™ and the ex-

cited state complex (formed almost immediately following photoexcitation)
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are similar, frequencies are within 10 cm~!, led to think that the excited state
of the CT complex can be accurately described as a transient bi-radical specie,
i.e. TCNQ :TMB™.

Additional studies have employed Transient Absorption (TA) [200] provid-
ing that the back ET process takes place in about 10 ps. From FSRS studies
it has been assumed that the excited-state dynamics involves a Conical In-
tersection (CI) [201], that promotes the relaxation on the ground state (GS)
potential energy surface (PES), which is facilitate by an anharmonic cou-
pling between an high and a low frequency vibrational modes, mainly lo-
cated on the TCNQ’s acceptor monomer. Thanks to the unique capabilities
of advanced spectroscopic technique such as ultra-fast Raman techniques, in
terms of time and frequency resolutions, Transient Absorption and Resonance
Raman (RR) measurements it was observed that a low frequency vibrational
mode (peaked at 323 cm™!) is strongly excited upon photoexcitation and it
persists for about 5 ps. This latter should also be involved in the intensity
and frequency modulation of a higher frequency mode at 1271 cm ~!. This
large anharmonic coupling should lead to a degeneration of the excited and
ground state PES at a certain point, generating then a CI which allows the sys-
tem to reach the thermal equilibrium in a non-radiative way. We recall here
that at least two vibrational modes are required to form a CI and describe
the branching space of the nonadiabatic transition: a totally symmetric mode
which modulate the energy gap between two PES, known as tuning mode, and
a nontotally symmetric mode, the coupling mode, which operates on symme-
try between them. [93] In 2.1 the CT complex under study is pictorially
presented along with the constituent monomers. We performed an extensive

Figure 2.1. Subunits forming the CT complex (left) with bond label scheme, and side view of the
TCNQ:7:TMB complex. Carbons are reported in grey, hydrogens in white, blue is for nitrogens.
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characterization of the model system in both ground and first singlet excited
states (So and S;), within methods rooted in the Density Functional The-
ory (DFT) [202, 203, 204] and its Time Dependent version for excited states
(TD-DFT), from a static and dynamical point of view. We mainly focused
on photophysical and photoreactive events in excited molecular system using
a recently developed theoretical-computational method for time resolved vi-
brational analysis. [77, 78, 79, 80, 81] Furthermore, the structural analysis
performed by molecular dynamics simulations in both electronic states, has
highlighted how nuclei have adapted to the new electron density of excited
state and how they relax starting from the Franck-Condon region. Our aim
was to unravel the vibrational dynamics of key vibrational modes focusing
on the excited state vibrational relaxations of two vibrational modes moving
towards quantification of the anharmonic coupling especially between high
and low frequencies modes. The hypothesis we intend to validate is that this
coupling drives and modulates the charge recombination in the ground state.
Considering the non-adiabatic nature of the photophysics involved for this
CT molecular system, in what follows we will discuss only the relaxation

phenomena for which the Born-Oppenheimer approximation still holds.

2.2 Methodology

2.2.1 Computational details

In this section we illustrate the computational details related to static and

molecular dynamics calculations.

Optimization calculations without any constraints, energies, harmonic, an-
harmonic frequencies and IR intensities were performed on Sp and S; in gas
phase starting from at least two molecular guesses. The ground state elec-
tronic structures were obtained by solving the Kohn-Sham equation using
the range-separated version of the hybrid Becke three-parameter Lee-Yang-
Parr (B3LYP) density functional [202, 203, 204] and with the Coulomb-
attenuating approach (CAM-B3LYP) [205] for excited states in its time de-
pendent approach. The long-range corrected Coulomb attenuated hybrid func-
tionals class [205, 206, 207, 208, 209] have been shown to predict charge
transfer and Rydberg-like excitations energies/bands more accurately due to
their high sensitivity to the treatment of exact exchange [210, 211, 212, 213,
214,215,216,217,218,219, 220, 221, 222] with respect to the hybrid density
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functionals (i.e. B3LYP, Perdew-Burke-Ernzerhof-0 [223, 224]). Weak inter-
actions between monomers have been described correcting potentials with
Grimme’s dispersion (GD3 [225, 154, 226, 155, 156, 157]). Since there are
no vibrational couplings with the vibrational modes of solvent we didn’t ac-
count for solvation in our investigation, furthermore due to the low dielectric
constant of DCM (£=8.93) the effects on geometry, vertical excitation and so
on are negligible. All ab-initio calculations have been performed by using
GAUSSIAN suite program. [227] By exploiting the atom centered density
matrix propagation formalism (ADMP, [49, 50, 51, 45, 52]) we collected a
10 ps-long ground state ab-initio molecular dynamics trajectory after 1 ps
of equilibration and ran over potential calculated at B3LYP/6-31G(d,p)/GD3
theory level; a constant thermal energy (300 K) has been enforced by scaling
nuclear velocities every 100 fs, with a time step of 0.2 fs. One of the energy
minimum optimized geometries (the less stable one) have been chosen as
starting point. We performed TDDFT single point calculations on several ge-
ometries randomly extracted from the GS sampling comparing performances
of two different basis set (6-31G(d,p) and 6-31+G(d,p)) for checking the ac-
curacy of the smaller basis set. The vertical excitation energy (VEE), oscilla-
tor strength and the largest molecular orbitals coefficients are presented, for

thirteen geometries, in 2.1 and 2.2.

Comparing the values obtained with two different basis sets, it is possible to
evaluate that the presence of diffuse functions induces only a slight redshift
of the excitation energies with a maximum discrepancy calculated equal to
0.04 eV. Excited state AIMD simulations, according to the BOMD propaga-
tion scheme [228, 229], have been sampled at CAM-B3LYP/6-31G(d,p)/GD3
theory level for about 7,5 ps simulation time, with a time step of 0.7 fs starting
from three coordinates and momenta sets chosen from GS-AIMD. The choice
of the initial points, sketched in 2.2, was carried out considering the distance
between the center of mass of the two monomers, the total ground and excited
NBO (Natural Bond Orbital) charges [230, 231, 232, 233, 234, 235] and we
have taken into account the values of the vertical transitions S| < Sy and S,

+— S;.

The molecular dynamics trajectories was then analysed in terms of a detailed
structural analysis and to extract the generalized-normal modes for the equi-
librium and far from equilibrium time-resolved vibrational analysis. Results
from excited state molecular dynamics are presented as an average of three

trajectories.
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Time (fs) | VEE (eV) f MOs coeff. Electronic Transition
0.11218 L + H-2
607.2 2.029 0.0292 0.69143 L H
1103.8 1.887 0.0205 0.70408 L+ H
1600 2.050 0.0117 0.70469 L+ H
1820.2 1.839 0.0084 0.70515 L+ H
2189.4 1.754 0.0076 0.70334 L+~ H
2667.6 1.726 0.0387 0.70004 L+ H
4489 1.894 0.0550 0.69878 L+~ H
-0.11117 L + H-1
6181.6 2.345 0.0919 0.69375 LH
-0.15704 L + H-1
6862.4 2.045 0.0504 0.68700 L H
7614 2.091 0.0188 0.70152 L+~ H
-0.15693 L + H-1
8391.6 2.319 0.1130 0.68652 LH
-0.13485 L + H-1
9464 2.078 0.0987 0.68820 L —H
10000.2 2.162 0.1170 0.70088 L+~ H

Table 2.1. S; < So TDDFT SP calculations performed on geometries extracted from GS-AIMD
according to CAM-B3LYP/6-31G(d,p) theory level. Vertical Excitation Energy (in eV), the oscillator
strength (f) and the largest MOs coefficient are reported.

Time (fs) | VEE (eV) f MOs coeff. Electronic Transition
-0.11589 L + H-2
607.2 1.987 0.0271 0.69447 L H
1103.8 1.845 0.0188 0.70405 L+ H
1600 2.046 0.0121 0.70465 L+~ H
1820.2 1.821 0.0088 0.70508 L+ H
2189.4 1.743 0.0079 0.70357 L+~ H
2667.6 1.694 0.0391 0.70060 L+ H
4489 1.863 0.0544 0.69970 L+~ H
6181.6 2.305 0.0935 0.69578 L+ H
-0.14264 L <~ H-1
6862.4 2.011 0.0503 0.68994 L H
7614 2.053 0.0189 0.70162 L+ H
-0.14709 L + H-1
8391.6 2.274 0.1121 0.68862 L H
0.11791 L+ H-1
9464 2.041 0.0959 0.69073 L H
10000.2 2.125 0.1156 0.70117 L+ H

Table 2.2. S; <— So TDDFT SP calculations performed on geometries extracted from GS-AIMD
according to CAM-B3LYP/6-31+G(d,p) theory level. Vertical Excitation Energy (eV), the oscillator
strength (f) and the largest MOs coefficient are reported.
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Q
M S1<-S0 1.845 eV
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COM :4.17A
L e )
a TCNQ (S0) -0.022 e (S1) -0.927 e
3 rqt TMB (S0) 0.022 e (S1) 0.927 e
s 2

S1<-S0 2.053 eV
S$2<-S1 2.529 eV

Y COM :4.22A
¢ %
5 TCNQ (S0) -0.009 e (S1) -0.934 e
TMB (S0) 0.009 e (S1) 0.934 e

e 2o
= 3 S1<-S0 1.821 eV

S$2<-S0 2.382 eV

Figure 2.2. Initial geometries to run excited state BOMD simulations, extracted from ground state

AIMD simulations for which the center of mass distances, TD-DFT vertical excitation energies and

total ground and excited state NBO charges for each monomer are given according to CAM-B3LYP/6-
31+G(d,p)/GD3 potential.
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2.3 Results and discussion

2.3.1 Structural characterization by static and dynamical
approaches

Molecular systems ruled by weak interactions can explore a large confor-
mational space visiting numerous stationary points, overcoming low energy
barriers or even barrierless ones. The PES of a non covalent molecular com-
plex is then very complex and we expect to contain a large number of energy
minima almost degenerate for which the definition of an equilibrium structure
becomes completely meaningless. Locating and characterizing each structure
can be a very long, if not impossible, work. Some efficient methods are now
widely used for determining geometries and other properties which, in some
way, widen the vision of true energy minimum by calculating energy gradi-
ents. Those that rely on classical or ab-initio molecular dynamics or random
sampling (Monte Carlo) provide a wealth of information that can be pulled

out by subtly analyzing the trajectories.

Our work began by looking for some minimum energy structures on the fun-
damental state PES, we limited our discussion to two most representative
ones. Two minimum energy structures 2.3 have been obtained for the funda-
mental electronic state starting from different guesses in vacuum with negli-
gible energy difference (AE= 1.03 Kcal/mol). The most stable TMB:TCNQ
complex is a w-stacked structure in which the two rings are not exactly copla-
nar, named MS0,4. Other ground state minima and energy differences are
reported in A.1 and A.2 in the Appendix A along with initial guess structures.
The same considerations were reached when the implicit solvent (DCM) was
taken into account, in that case the relative energy of the two monomers was
equal to 0.99 Kcal/mol (data not shown).

wlagayes SaiEpe

Figure 2.3. Ground state energy minima, from left to right, computed in gas phase at B3LYP/6-
31+G(d,p)/GD3 named M S0, g, respectively.

Both isolated ground state minima have been further optimized in the first
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singlet excited state (2.4). The energy difference is now quite low with respect
the GS case and the MS1, turn out to be more stable (AE= 0.96 Kcal/mol).
Moreover, for this latter, the acceptor monomer adopts a visible distorted boat

shape, bended towards the TMB molecule.
.,‘J J - : > }—‘.
oo ORI s
patsy $aisd

Figure 2.4. First singlet excited state energy minima, from left to right, computed in gas phase at
CAM-B3LYP/6-31+G(d,p)/GD3 named MS1,,, respectively.

Following the photoexcitation, the electron density of the excited state is usu-
ally quite or strictly different from the ground state, whereby the equilibrium
structure will tend to relax changing its geometry towards a bonding pattern
compatible with the new electron density. We have observed this new ar-
rangement of the nuclei by comparing the Sg and S; equilibrium structures
and reporting the difference of the bond lengths calculated in both electronic
states for the two minima considered. In this way we can easily appreciated

which direction they take following photoexcitation.

Considering the TCNQ acceptor monomer structural changes in both min-
ima (2.5, top), the C=C’s double bonds undergo to an elongation especially
for those outside the ring (C3-C10 and C6-C7, > 0.025 A , see 2.1 for la-
bels ) and even if to a lesser extent, those inside the ring, C1-C2 and C4-CS5.
On the contrary CC single bond shortens when in excited state, in particular
the effect is more evident among the ring atoms, C2-C3, C3-C4, C5-C6 and
C6-C1, with respect to the four CC single bond preceding the cyano groups.
Finally, a negligible shortening of ~ -0.02 A of the four cyan groups is ob-
served in S;. It can be summarized that the acceptor monomer passes from
a typically quinoid structure to a benzenoid-like one. [198, 196] The TMB
donor monomer (2.5, bottom), yielding electronic density due to excitation,
undergoes mainly structural changes involving the bonds of the aromatic ring
that stretch significantly, in particular C1-C2 and C4-C5 bonds (> 0.04 A).
The C-C single bonds with the methyl groups (C1-C7, C2-C8, C4-C9 and
C5-C10) due to the electron-donor effect typical of the -R groups tend to
approach the aromatic ring. When in excited state the six membered ring

becomes less aromatic but quinoidal overall. Despite the high symmetry of
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TCNQ and TMB molecules, the different height of the bars in 2.5 correspond-
ing to the two minimum energy structures arises from the asymmetry of the

molecular complex, from the relative orientation of the two monomers.
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Figure 2.5. Bar chart presenting the difference of the bond lengths calculated for the Sy and S;
electronic states for both the minimum energy structures, reporting, at the top, the values of the
TCNQ molecule and at the bottom those related to the TMB donor monomer, respectively.

We analyzed the nature of electronic transitions in terms of molecular or-
bitals compositions by performing time-dependent DFT calculations simu-
lating the optical absorption spectrum of the TCNQ:TMB isolated CT com-
plex. TDDFT calculation predicts that the S; < Sy transition is purely a
HOMO-LUMO transition at 542.25 nm (2.29 eV, f=0.1843) for the most sta-
ble conformer (MS04) and 573.16 nm (2.16 eV, f=0.0473) for the second
one, in agreement with the experimental UV-Vis spectrum recorded in DCM
solution. Frontier molecular orbitals, HOMO and LUMO, reported in 2.6
are located on donor and acceptor monomer, respectively, so the first singlet
excited state exhibits a strong charge transfer character. Although MOs iso-
surfaces are very informative, we performed a natural bond order population
analysis to have quantitative insights on the electronic rearrangement of the
TMB:TCNQ complex upon photo excitation. In the ground state we find a
discrete charge separation for both molecular complexes: 4 0.128 e for MS0,4
and % 0.095 e for MSOp (the minus sign it refers to the TCNQ molecule) that
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rules the weak interactions between the two monomers and allows the forma-
tion of m-stacked dimers. In ES the charge distribution changes radically and
we find, for both minima, a charge separation close to 1 e (MS14 £ 0.948
e and MS1p + 0.949 e) suggesting the formation of a biradical species in
which the TCNQ received and electron (TCNQ;) from the donor monomer
(TMB — TMB™ + le™). These trends are in agreement with the experimen-
tal hypothesis. [93] The results shown here exemplify the main role of the
photoexcitation on this non-covalent intermolecular CT dimer.

Figure 2.6. HOMO and LUMO molecular frontier orbitals (isovalue= 0.02) involved in the S| < Sy,
electronic transition computed in gas phase at CAM-B3LYP/6-31+G(d,p)/GD3 for the two minima
MS04 g, from left to right respectively.

The vibrational analysis, in the harmonic approximation, was mainly focused
towards the identification of the two normal modes: the in plane CCN bending
and the CC rocking mode associated to the TCNQ monomer, which are sup-
posed to be the driving force of the excited state reactivity due to the anhar-
monic coupling between them. The composition of normal modes computed
in the ground and first singlet excited state is depicted in 2.7 for the MSOp, as
an example. The whole vibrational spectra of the TCNQ:TMB EDA complex
computed in gas phase on the Sg and S electronic states are showed in A.3

in the Appendix A.
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Figure 2.7. MS0p composition of vibrational modes of interest, calculated for the So (bottom) and S
(top) electronic states. The in plane CCN bending mode (left) and the CC rocking mode both undergo
a blue shift of frequency when in ES of about 15 and 45 cm ™!, respectively.
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Now we provide a comprehensive and quantitative analysis of various struc-
tural parameters of the CT complex performed by ground and excited state
AIMD trajectories taking into account bond lengths, bond angles and dihe-
drals. The normal distributions of selected bond lengths of the single TCNQ
(2.8 2.9) and TMB (2.10) molecules have highlighted the greatest structural
differences passing from the ground to the excited state PESs. The main struc-
tural changes found mostly concern the double bonds inside the acceptor ring
(C1=C2, C4=C5) and similarly for C6=C7 and C3=C10 that undergo a con-
siderable lengthening following the photoexcitation. In particular the ring’s
double bonds increase of 0.011 A on average and 0.03 A for those outside
the ring which undergo the maximum elongation. Single CC bonds go in the
opposite direction, this is particularly evident for the CC bonds of the ring
that change more (0.02 A) due to the new electronic distribution. The triple
bond of the cyano groups is shortened in a negligible way (0.001 A)

The effects due to the photon absorption are summarized here for the donor
monomer. The double bonds of the ring adjacent to the methyl group un-
dergo the maximum elongation (0.05 Aon average) while the methyl groups
approach to the aromatic ring (0.025 A) as the remaining CC bonds (0.02
A). 1t can therefore be guessed that the electronic density is spread over the
all double bonds of the acceptor, the entire molecules is stretched in the C7-
C10 direction. The six-membered ring of the donor, on the contrary is now
stretched along the C3-C6 axes.

The same considerations are reached through the study of the frontier molec-
ular orbitals most involved in the electronic transition (reported in 2.6). Bond
lengths, bond angles and dihedrals angles are tabulated and reported in A.2
and A.3 in the Appendix A.
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Figure 2.8. TCNQ acceptor monomer normal distributions of the average bond lengths, from ground

(S0) and excited state (S1 I, S1 II, S1 III) trajectories, of C=C’s ring double bonds (top), C-C’s ring

single bonds (center), C=C double bond outside the ring (bottom). Coloured labels are shown to the
right of each distribution.
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Figure 2.9. TCNQ acceptor monomer normal distributions of the average bond lengths, from ground

(S0) and excited state (S1 I, S1 II, S1 III) trajectories, of C-C’s single bonds outside the ring (top),

C=N triple bond of the cyano groups (bottom). Coloured labels are shown to the right of each
distribution.
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Figure 2.10. TMB donor monomer normal distributions of the average bond lengths, from ground

(S0) and excited state (S1 I, S1 II, S1 III) trajectories, of C=C’s ring double bonds (top), C-C’s ring

single bonds (center), C-CH3 bond outside the ring (bottom). Coloured labels are shown to the right
of each distribution.
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2.3.2 Spectroscopic analysis from ab-initio molecular dy-
namics simulations

By a visual inspection of the equilibrium and excited state sampling, a -7
stacked arrangement is always observed for the two monomers as predicted
from minimum energy search while other topologies such as T-shaped, par-
allel displaced and edge to face have never been founded. We computed the
distance between the two centers of mass to verify that following photoex-
citation, the occurred charge separation allowed the two monomers to come
closer together then calculated for the ground state. This latter is discussed
and shown in the A.4 in the Appendix A. In this section we discuss the
vibrational analysis of two generalized normal modes of interest extracted
from ground and the average excited state AIMD trajectories. The time-
independent spectrum has been computed through the Fourier Transform of
velocity-velocity autocorrelation functions for the ground state case, the equi-
librium time-resolved vibrational analysis has been carried out computing the
Wavelet Transform of the autocorrelation function. On the other hand, the ex-
cited state one has been computed starting from the average of the mode ve-
locities projected along the directions of the ground state generalized normal
modes. From the same signal the transient time-resolved vibrational spectrum
was obtained through the continuous Wavelet Transform and plotted as a map
for a better reading. The in plane CCN bending mode localized on the TCNQ
acceptor (2.11, center), have been extracted from ground state AIMD trajec-
tory taking into account only the coordinates and momenta of the acceptor
monomer, thus obtaining a less crowded and more resolved spectrum. The
time-independent vibrational spectrum is showed on top of 2.11, two features
are present in the spectrum the main one is peaked at 334 cm~! and is the
frequency of interest, the less intense is at 380 cm™! and can be ascribed to
another TCNQ bending mode. The Wavelet spectrum shows a well resolved
band centred below 500 cm™! and exactly at 330 cm™! in agreement with
Hessian-based harmonic calculation, whose magnitude is exhausted starting
from about 6,5 ps. In the same way we extracted the CC rocking mode which
is depicted in 2.12, similar in composition to that obtained from the calcula-
tion of vibrational modes on the ground state minimum. The Fourier spectrum
shows a signal peaked at an anharmonic frequency of 1287 cm™!, the associ-
ated magnitude in the time-resolved power spectrum starting rise from 6,5 ps
and persists for the rest of the sampled time. Available spectroscopic data in

literature, at best of our knowledge, do not report about frequency values for
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this specific system in the ground electronic state hence, a direct comparison
between our time-resolved vibrational dynamics with experimental findings

is not possible.
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Figure 2.11. In plane CCN bending generalized normal-mode (center) localized on the TCNQ ac-
ceptor subunit along with the time-independent Fourier Transform spectrum (top) and time-resolved
Wavelet spectrum (bottom) showed in perspective view.
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Figure 2.12. CC rocking generalized normal-mode (center) localized on the TCNQ acceptor sub-
unit along with the time-independent Fourier Transform spectrum (top) and time-resolved Wavelet
spectrum (bottom) showed in perspective view.
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The photoinduced vibrational dynamics of the TCNQ:TMB CT complex has
been investigated in the first singlet excited state in which the CT dimeric
system can be considered biradical in nature. Inspecting the static vibra-
tional spectrum reported at top in 2.13 several vibrational features are present
namely due to the contribution of vibrational modes of the TMB donor monomer
around 1000, 1500 and above 3000 cm~!, in addition to the most important
one peaked at 352 cm ™. It is also observed that the vibrational mode in the
center of 2.13 is recognizable although is inherently complex. The Wavelet
spectrum in 2.13 shows that the band around 350 cm™! is the main feature
and that other signals in the FT spectrum do not contribute significantly. An-
other important observation regards the time evolution of the magnitude of
the signal: in the FSRS experiments the TCNQ’s CCN bending mode persists
for ~ 5 ps upon the electronic excitation and our time-resolved vibrational
spectrum, shows that the magnitude of the CCN mode actually decreases
gradually up to 5 ps. This interesting trend in agreement with experimen-
tal counterparts, was always observed for all three sampled trajectories. The
magnitude of the signal in question is plotted against time in A.5 and reported

for clarity in the Appendix A.
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Figure 2.13. In plane CCN bending generalized normal-mode (center) extracted from the average of
three excited state trajectories along with the time-independent Fourier Transform spectrum (top) and
time-resolved Wavelet spectrum (bottom) showed in perspective view.
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The vibrational mode corresponding to the TCNQ ring CC rocking motion
has been reported in the center of 2.14, the FT spectrum shows several fea-
tures in addition to the frequency of the vibrational mode centred at 1260
cm~!. One of the advantages of the Wavelet transform is that it returns
the temporal evolution of a vibrational band and therefore allows subsequent
analysis aimed at, e.g., the quantification of the anharmonic couplings. In-
specting the time-resolved Wavelet spectrum 2.14, the vibrational dynamics
showed a clear oscillatory behaviour. From an experimental point of view the
1271 cm™! rocking mode is the only visible fundamental that displays signif-
icant couplings to the 323 and 355 cm~! modes and have detectable coupling
to the 105 or 151 cm~! modes, both of which involve deformations of the
CCN angle. Interestingly, Fourier transforming the frequency’s magnitude
fluctuations of the CC rocking mode, a clear feature at 360 cm™!, attributable
to the coupling with TCNQ’s CCN bending (2.15), can be observed along
with several other frequencies of collective modes and ring deformations (<
300 cm™ ).

We provide here 2.16 further analysis that allowed us to identify the tuning
vibrational mode for the CI that governs and controls charge recombination
internal conversion. The vibrational analysis has been carried out on the time
evolution of the Sp-S; energy gap, as average of the three sampled trajec-

tories. From the Fourier Transform spectrum a main peak at 351 cm™!

can
be recognized; in the time resolved vibrational spectrum a signal is present
again within the first 5 ps. This result confirms that actually the CCN bend-
ing acts as the tuning mode modulating the energy gap between the involved

electronic states.
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Figure 2.14. CC rocking generalized normal-mode (center) extracted from the average of three ex-
cited state trajectories along with the time-independent Fourier Transform spectrum (top) and time-
resolved Wavelet spectrum (bottom) showed in perspective view.
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2.4 Conclusion remarks

In this chapter, we showed results made to understand the vibrational relax-
ation and the mechanism of the photoinduced charge transfer that occurs in a
non-covalent molecular complex through a robust computational protocol that
combines the adiabatic ab-initio molecular dynamics in ground and excited
state and a time-resolved vibrational analysis based on the Wavelet Trans-
form. We carried out a preliminary investigation through a static quantum-
mechanical approach in the DFT and TDDFT framework, in order to verify
the accuracy of the methods employed and the modeling strategy. Two vibra-
tional modes play a fundamental role in the photophysics of the TCNQ:TMB
molecular complex, both have also been characterized in time and frequency
domains through the study of generalized normal modes extracted from molec-
ular dynamics simulations. Our results are in agreement with the experimen-
tal evidence in a satisfactory way, we were able to quantify the anharmonic
coupling between the CC rocking mode and the CCN bending mode located
on the TCNQ acceptor monomer confirming the experimental hypothesis.
Furthermore, the excited state vibrational dynamics is also in agreement with
FSRS data. Taking into account the challenging nature of the system under
study, this computational strategy proves to be reliable and accurate even for

non covalent systems such as the one just discussed.
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3 Probing Relaxation
Mechanisms of
Photoinduced
Intermolecular Charge

Transfer Dimer

3.1 Background and motivation

The purpose of this work is to examine in detail a non-covalent intermolecu-
lar charge transfer complex in which the 1-Chloronaphtalene (1CIN) acts as
electron donor species towards the well known Tetracyanoethylene (TCNE)
[236, 237, 238] molecule (acceptor). Both ground state properties and mostly
important, the low-lying CT electronic transition have been investigated here
given also the the availability of experimental spectroscopic data. [239, 94]
The main interactions ruling this complex (reported in 3.1), responsible of
the observed 7-7 stacked arrangement [240] when in polar aprotic solvents,
i.e. in dichloromethane (DCM) solution, are of a non covalent nature. The
pursued approach relies on a theoretical protocol based on AIMD simulations
in ground and first singlet excited state at DFT level along with the multireso-
lution wavelet protocol to get time-resolved vibrational spectra. This work is
intended to provide useful insights on the internal vibrational energy flow fol-
lowing the electronic excitation, translating the anharmonic nuclear motion in
terms of relaxation processes unveiling the anharmonic vibrational couplings

in the time domain.

This work is organized as follows: in the next section (3.2) we discuss about
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Q,
N
%\1
Acceptor

TCNE: Tetracyanoethylene

D-M-A
intermolecular non covalent
CT complex

J
J Donor 9

1CIN: 1-Chloronaphtalene

Figure 3.1. Subunits forming the CT complex (left) with bond label scheme, and side view of the
TCNE:7:1CIN complex. Carbons are reported in gray, hydrogens in white, blue is for nitrogens and
green for chlorine atom.

our methods and related computational details for static and ab-initio molec-
ular dynamics calculations in both ground and first singlet excited state, as
well as the transient vibrational analysis based on the Wavelet Transform. In
section 3.3 results about full quantum mechanical and dynamical approaches
will be discussed and insights about the activation of relaxation pathways by
excited state nuclear dynamics are given too. In the last section (3.4) Conclu-

sions and perspectives are given.

3.2 Methodology

3.2.1 Computational details

All presented calculations were performed by using the GAUSSIAN elec-
tronic structure software package [227]. Ground state energies, gradients
and higher order energy derivatives were obtained using the hybrid Becke,
3-parameter, Lee- Yang-Parr (B3LYP) density functional [202, 203, 204] with
a 6-31+G(d,p) basis set. Weak dispersion forces between the two subunits
were accounted correcting potentials with Grimme’s dispersion (GD3) [225,
154, 226, 155, 156, 157]. Time-Dependent Density Functional Theory (TD-
DFT), within the linear response formalism, using the range-separated ver-
sion of the hybrid B3LYP density functional with the Coulomb-attenuating
approach (CAM-B3LYP)[205] also this time using 6-31+G(d,p) and GD3
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was instead employed to describe accurately excited states. The long-range
corrected Coulomb attenuated hybrid functionals class [205, 206, 207, 208,
209] have been shown to predict charge transfer and Rydberg-like excita-
tions energies more accurately with respect to the hybrid density functionals
[210, 211, 212, 213, 214, 215, 216, 217, 218] (i.e. B3LYP, Perdew-Burke-
Ernzerhof-0 [223, 224]). Additionally, we accounted for Dichloromethane (€
= 8.93, DCM) solvation effects via Polarizable Continuum Model in its Con-
ductor like version (C-PCM) [241, 242, 243, 244, 245, 246] to mimic the sol-
vent environment around the CT complex. The amount of charge transferred
between the two TCNE and 1CIN fragments in both ground and first singlet
excited states was quantified by employing the Natural Bond Orbitals (NBO)
charge partitioning scheme, [230, 231, 232, 233, 234, 235] along with calcu-
lating the value of the density based CT index (Dct), introduced by Ciofini and
coworkers. [247, 248, 249, 250, 251] Ground state coordination geometries
of TCNE doublet radical anion in the presence of a counter ion (Nat or KT,
see 3.16) were also investigated through structural optimization and vibra-
tional frequency evaluations using C-PCM to account for implicit solvation
effect of Acetonitrile solvent (¢ = 38.8, ACN). To better analyze relaxation
pathways upon excitation, first order Cartesian nonadiabatic coupling ma-
trix elements (NACs) were computed analytically in the framework of linear
response TD-DFT [252, 253] on several selected structures displaced along
selected generalized normal modes, Q, extracted from ground state ab-initio
molecular dynamics trajectory. The computational affordability of this ap-
proach relies on the fact that the explicit calculation of the excited state wave
function is avoided since all information can be recovered in the evolution of

the reference (i.e., ground) electronic state:

d

in which Q,, is a Cartesian nuclear coordinate expressed in atomic units (Bohr—'),
|®y) and |P;) are the initial and final electronic states, respectively, taken into
account. From the 3.1, the derivative couplings d,fj will be large near surfaces
crossing regions and will tend to infinity when approaching to a conical in-
tersection. In what follows we will report and discuss the Frobenius norm of
the NACs matrix and the TD-DFT energy scan for each generalized normal
mode, Q, individuated.
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3.2.2 Ground and excited state ab-initio molecular dynam-

ics sampling

Ground state ab-initio molecular dynamics (AIMD) simulation, according
to Atom-centered Density Matrix Propagation (ADMP) formalism [49, 50,
51, 45, 52] was collected for 10 ps, after 1 ps of equilibration, using a time
step of 0.2 fs. B3LYP/6-31G(d,p)/DCM(C-PCM)/GD3 theory level was used
and a temperature corresponding to 300K was enforced by scaling regularly
nuclear velocities. Three distinct excited state AIMD simulations (Born-
Oppenheimer Molecular Dynamics, BOMD [228, 229]) were sampled for
about 6 ps each, with a time step of 0.7 fs according to TD-CAM-B3LYP/6-
31G(d,p)/DCM(C-PCM)/GD3 potential. Harmonic frequencies calculations
performed on the same excited state minimum energy structure ensure that
the presence or the absence of diffuse s and p functions in the basis sets leads
to practically overlapping results and that the maximum deviation was about

10 cm~! on a high frequency mode as shown in 3.2.
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Figure 3.2. Harmonic vibrational frequencies (in wavenumbers, cm~!) computed for the opti-

mized geometry (MinS1,) at TD-CAM-B3LYP/6-31+G(d,p) (black trace) compared with TD-CAM-

B3LYP/6-31G(d,p) (red trace) theory level in implicit DCM solvent. The maximum difference ob-
served is ~ 10cm™! in the stretching region of the CN groups, 2300-2350 cm ™!

Initial geometries sketched in 3.3 were chosen from the ground state trajec-
tory checking several properties such as: the accuracy in the prediction of
So-S1 excitation with respect to the experimental value, the amount of CT (by
inspecting the NBO charges), and the distances of the center of mass of the

two units.
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COM: 3.617 A COM: 3.839 A COM: 3.963 A
S180: 2.079 eV (0.230) S1S0: 2.088 eV (0.221) S1-S0: 2.276 eV (0.033)
S2-S0: 3.115 eV (0.076) S2S0: 2.987 eV (0.052) S2—S0: 2.909 eV (0.130)
So: £0.077 e So0: +0.019e So: +0.034 e
Si-+N71R e S1-+NOR7 e Q-+ N RR7 &

Figure 3.3. Initial geometries to run excited state BOMD simulations, extracted from ground state
AIMD simulations for which the center of mass distances, TD-DFT vertical excitation energies (ab-
solute errors are given in parenthesis) and total ground and excited state NBO charges are given.

The experimental UV-Vis absorption spectrum of the TCNE:1CIN complex in
DCM solution [94] shows two charge transfer absorption bands correspond-
ing to transitions from the ground to the first two singlets excited states. The
less energetic transition, with maxima at 2.31 eV, it is observed at 0.73 eV
far from the most energetic one covering a broad spectral range overall (from
1.82 to 3.44 eV). Vertical excitation energies computed for 20 CT structures
regularly extracted (each 500 fs) from GS AIMD ensure that the conforma-
tions sampled during the dynamics always led to CT character transitions with
energetic separation between S| and S, electronic states of ~0.880 eV, on av-
erage. Furthermore, upon the excitation to first singlet excited state a clear
increase of net NBO charges occurs for all the frames investigated, ranging
from £ 0.73 e to &= 1.10 e for 1CIN and TCNE subunits, respectively. The
results are shown below in the respective 3.4 and 3.5. In this way, both a
consistent charge transfer of the low lying transition and a significant energy
separation between the two excited states were checked on average along

ground state dynamics.
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Figure 3.4. Vertical Excitation Energies S1+-Sp (solid line and blue circles) and S¢Sy (solid line
and red circles) computed on conformers extracted each 500 fs from ground state AIMD.
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Figure 3.5. Net charges (e) according to Natural Bond Orbitals analysis performed on 20 conformers
on ground (solid) and first singlet excited state (dashed) for the TCNE (black traces) and 1CIN (red
traces) monomers.
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3.3 Results and discussion

3.3.1 TCNE:1CIN CT complex first principles spectroscopic
and structural characterization

Given the non covalent nature of the complex, different ground and excited
state conformations for the non covalent complex, are expected. In this work
different cofacial starting configurations of the TCNE:1CIN CT complex,
were chosen to model relative orientations assumed by the two units, lead-
ing to at least three different stable energy minima (referred as MinS0,_,
reported in 3.6). They were fully planar retaining the 7-7 stacked arrange-
ment: for the MinS0,, in 3.6, the two monomers were in a distorted orthogo-
nal conformation in which the TCNE were above the two bridgehead carbons
(CC6, please refer for the following discussion to labels in 3.1) at a greater
distance from 1CIN (= 0.25 A) compared to those observed for the other
two conformers. Since they differ from each other for less than 1 Kcal/mol,
it is reasonable to state that they can be all reasonably representative of the
equilibrium relative orientation at room temperature. They are very similar
from a structural point of view indeed, therefore in the following discussion
the main structural parameters for only one (named MinSQ,) of the obtained

ground state conformations are discussed in the first column of 3.2

In the ground state, computed C=C distances were, on average, 0.03 A and
0.04 A longer than the corresponding crystallographic value in neutral TCNE
and with respect to neutral TCNE-donor complexes, respectively. [254, 255]
The low polarity of DCM solvent and the non covalent dispersive interaction
forces with 1CIN did not significantly affect the acceptor monomer structure
in the ground state, indeed for the TCNE monomer the C=C bond length and
its bond order, computed at the same theory level in implicit DCM solvent,
were found to be 1.371 A and 1.750, respectively. On the other hand, for the
1-chloronaphtalene monomer the two structural parameters considered (C-Cl
and C-C1 distances) were, on average, strictly similar to the values found
for the three energy minima complexes in the same electronic state, precisely
1.767 and 1.437 A.

Computed vertical excitation energies relative to the previously mentioned

ground state minima are reported in 3.1 for the first two excited electronic
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Figure 3.6. Ground (up) and first singlet excited state (bottom) energy minima, from left to right,
computed in DCM solvent named MinS0, ;. and MinS1,, ., respectively.

Exp. Abs. MinS0, MinS0y, MinS0,
408 nm 431.30 nm 420.19 nm 420.46 nm

HOMO-1-LUMO | 5/ oy | 288V 0.16eV) | 2.95eV (0.09¢eV) | 2.95¢eV (0.09 eV)
530 nm 581.29 nm 564.85 nm 567.67 nm

HOMO-LUMO 231eV | 2.13eV(0.21eV) | 220eV (0.14eV) | 2.18eV (0.16 eV)

Table 3.1. Vertical excitation energy (in nm and eV) for the three TCNE:1CIN CT complexes in
DCM solvent, absolute errors are given in parenthesis along with experimental values observed in the
same conditions.

states (S1<—So, S24—S0), responsible for the experimentally observed two dis-
tinct charge-transfer bands with absorption maxima at 2.31 and 3.04 eV, re-
spectively in the UV-Vis electronic spectrum of TCNE:1CIN CT complex
[94]. The accuracy in the electronic transition energy prediction for the first
excited state transition is within 0.21 eV, in accordance with well perfor-
mances of CAM-B3LYP in describing charge transfer like transitions.[214,
215, 220]

The S1<-Sp and $»<S) transitions among electronic states are mainly de-
scribed by HOMO to LUMO and HOMO-1 to LUMO excitations, which
MOs isosurfaces are reported in 3.7, respectively. The charge transfer na-
ture of this transitions is clearly observable from 3.7: the electron density is
transferred from the condensed rings of substitute naphtalene to the TCNE
molecule when in excited state. Both HOMO and HOMO-1 are completely
localized on the 1-chloronaphtalene donor molecule, while LUMO is entirely

spatially confined on the TCNE acceptor unit. Considering the antibonding
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character of the LUMO orbital, an elongation of the double bond C=C and a
concomitant lowering of the bond order is expected in the excited electronic
state. Investigating the LUMO contour plot, the electron-withdrawing effects
of the four electronegative cyano groups placed around the ethylene moiety
contribute to enhance the charge transfer process attracting electronic density

to themself.

B
L

Figure 3.7. From left to right, HOMO-1, HOMO and LUMO frontier orbitals contour plots (isovalue
0.03) computed for MinS0, ;. geometries in DCM solvent.

The three ground state energy minima conformers have been optimized again
on the S; potential energy surface and energy minima have been isolated. Re-
garding the excited state S; minima, the relative position of the two subunits
was, for two minima (MinS1,, ., 3.6), very similar in the spatial arrangement
and in terms of relative energy content. In the MinS1, complex (see 3.6 and
3.2, second column) the TCNE and 1CIN monomers were superimposed on
each other in their centers, perpendicularly. The central C=C bond length (and

related bond order) are important probes with respect to the charge transfer
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MinS0, | MinS0, | MinSO,
Ground State (Sj)

Relative Energy (Kcal/mol) 0.94 1 0.43
C=C (rcnE) (A) 1.377 1.378 1.376
C=C Bond Order 1.75 1.75 1.75
C-CI (1amv) (OA) 1.426 1.428 1.425
C-Cl (1aiv) (A) ] 1.762 1.759 1.762
Center Of Mass (reye:1civy (A) | 3.801 3.534 3.576
NBO total charge (7¢cng) (€) -0.066 | -0.083 | -0.073
NBO total charge (1cyy) (€) 0.066 0.083 0.073
MinS1, | MinS1, | MinS1,
Excited State (S;)
Relative Energy (Kcal/mol) 0.05 0.01 1/
C=C (rcwg) (A) 1430 | 1430 | 1429
C=C Bond Order 1.52 1.53 1.52
C-Cl (1am) (OA) 1.420 1.421 1.421
C-Cl (1aiv) (A) ] 1.710 1.710 1.710
Center Of Mass (reye.icivy (A) | 3.344 3.469 3.469
NBO total charge (7cng) (€) -0.854 | -0.840 | -0.870
NBO total chargeo(lcm) (e) 0.854 0.840 0.870
Det (rene:1civy (A) 2.489 2.506 2.580

Table 3.2. Diagnostical structural parameters (A), relative energy (Kcal/mol), NBO total charges

(e) and dCT index (&) calculated in implicit DCM solvent for three CT complexes computed for

ground (MinS0,_.) and first excited state (MinS1,_.) at B3LYP/6-31+G(d,p)/DCM(C-PCM)/GD3
and CAM-B3LYP/6-31+G(d,p)/DCM(C-PCM)/GD3 theory levels, respectively.

extent toward the TCNE monomer. Moreover following the excitation, the av-
erage distances between the two monomers’ center of mass (COM) decreased
significantly, -0.2 A, with respect to the one measured between the two sub-
units on the ground electronic state (3.427 A and 3.637 A, respectively),
due to the photoinduced charge reorganization, confirming the hypothesis of
a biradical species formation upon photoexcitation. According to the partial
NBO charges analysis (3.2), the greater extent of charge separation due to
the photoexcitation event, increased the attractive electrostatic interaction of
TCNE and 1CIN molecules.

In the ground electronic state, harmonic and anharmonic frequency calcula-
tions were straightforwardly performed for all the conformers from Hessian

matrix diagonalization and second-order perturbation theory, respectively, in
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So S Others
Harmonic ~ Anharmonic A Harmonic
out-of-plane bending 161.65 165.21 -3.56 | 159.14 1680, 165/
sym. in plane CCN bending | 540.82 530.09 1073 | 550.77 542001
C=C stretching 1551.41 152066  30.75 | 1486.85 | 1570, 1565\, 155114, 1421l

Table 3.3. Harmonic and anharmonic frequencies in wavenumbers (cm~!) calculated in ground state

(MinS0,), harmonic frequencies computed in first excited state (MinS1,) for the CT complexes in im-

plicit DCM solution in comparison with experimental values found in literature. [a] TCNE:HMB res-

onance Raman excitation in DCM, Ref.[256] [b] TCNE:HMB resonance Raman excitation in CCly,

Ref.[257] [c] Ground state neutral and complexed TCNE Ref.[258], [d] TCNE:HMB resonance Ra-
man excitation in CCly Ref.[259], [e] TCNE radical ion, Ref.[260]

order to recognise the frequency range of interest, the vibrational modes com-
position and, actually, to have a direct and accurate comparison of the results
obtained from the static analysis with respect to the vibrational modes ex-
tracted from ab-initio molecular dynamics simulations. For all stationary
points no imaginary frequency were identified (for example, see for vibra-
tional modes of MinS0, and MinS1, geometries). In 3.3 we report a resume
of harmonic and anharmonic frequencies computed in ground state, the har-
monic frequencies calculated for the first singlet excited state along with other

theoretical and experimental counterparts.

The low frequency mode investigated, the out-of-plane bending (represented
in 3.8, a, a’), seems to be unaffected by photoexcitation, since frequency
variations, and even the composition of the mode, in both Sy and S; electronic
states are almost identical. The symmetric bending involving the four cyano
groups (represented in 3.8, b, b”) undergoes a very small (= 10 cm™!) blue
shift in its frequency when in excited state and the donor molecule no longer
participates in the mode composition (becoming completely localized on the
TCNE unit). The C=C stretching (represented in 3.8, ¢, ¢’), shows a redshift
in its resonance frequency of several wavenumbers after the photoexcitation
and, as in the previous case, is then completely localized only on the acceptor

monomer.
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Figure 3.8. Vibrational modes of TCNE:1CIN CT complexes computed in ground (unprimed) and
first excited state (primed). a,a’ out of plane bending mode, b,b’ symmetric in plane CCN bending,
c¢,¢’ central C=C stretching
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Monomer Dimer AIMD_10ps> So | AIMD 65> S
So S1 ‘ So Si
Tetracyanoethylene
C=C | 1.371 1.484 | 1.377 1.430 | 1.374(x0.01) | 1.433 (£ 0.02)
C-C | 1431 1.396 | 1.428 1.408 | 1.432(+£0.02) | 1.413 (£0.02)
C=N | 1.162 1.168 | 1.162 1.163 | 1.163(£0.01) | 1.164 (£ 0.01)
1-Chloronaphtalene
C-Cl | 1.768 1.729 | 1.762 1.701 | 1.774 (£ 0.04) | 1.717 (£ 0.03)
C-C1 | 1427 1415 | 1426 1420 | 1.430(£0.03) | 1.424 (£ 0.02)
C-C3 | 1416 1365 | 1.412 1381 | 1.417(£0.02) | 1.384 (£ 0.02)
C-C6 | 1439 1.446 | 1438 1.428 | 1.441(£0.02) | 1.430 (% 0.02)
C-C9 | 1413 1369 | 1413 1388 | 1.419(£0.03) | 1.390 (£ 0.02)

Table 3.4. Structural parameters computed for monomeric and dimeric (mean values) species in

ground and first singlet excited state minima compared with corresponding averaged values, standard

deviations are given in parenthesis, extracted from Sy and S; AIMD of TCNE:1CIN CT complex.
Labels are referred to 3.1 and bond lengths are reported in Angstrom A).

3.3.2 TCNE:1CIN CT complex AIMD

During the 10 ps of B3LYP/6-31G(d,p)/DCM(C-PCM)/GD3 Sy trajectory the
CT complex retain the 7-7 stacked conformation in which the two monomers
always interact with the same initial molecular side, although TCNE slides
back and forth between the two aromatic rings of 1-chloronaphtalene. Despite
of this, along the ground state simulation the two monomers assume large
mutual displacements around an average value of the center of mass distance
of 3.765 A + 0.2. On the other hand, in the excited state trajectories the two
units tend to be closer (-0.092 A) due to the increased partial charge on the
two subunits which enhanced the coulombic attraction between them. The
photoinduced CT leads to structural reorganization involving both subunits
which can be summarized as follows: concerning the 1CIN donor monomer
the C-Cl distance undergoes to a shortening (-0.057 A) when in excited state
and an alternation of the C-C bonds lengths also occurs in accordance to the
HOMO-1 and LUMO spacial extents, depicted in 3.7. For the TCNE acceptor
the central C=C bond is stretched out (about 0.062 A), with a concomitant and
symmetric stiffening (-0.019 A) of the four (=C-)C-C(=N) distances. On the
contrary, the bond lengths of the four cyan groups actually do not change
when passing from ground to the excited electronic state.

The presented vibrational analysis is mainly focused on three significant vi-
brational modes, localized on the TCNE acceptor subunit, since their time
evolution has been recently characterized with high time and frequency reso-
lution by Femtosecond Stimulated Raman Spectroscopy (FSRS) by Mathies
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and co-workers. [94] In details, these modes (reported in 3.8) are the central
C=C stretching, the out-of-plane bending in which the cyano C=N groups
approaches toward the 1CIN and the symmetric in-plane deformation of the
four CCN angles. The C=C stretching mode, being fully spacially localized,
is strictly related to the C-C distance and its bond order which are both highly
sensitive to the electron density rearrangement upon excitation, (i.e. charge
transfer and coulombic interactions). In 3.9, 3.11 and 3.13 the three vibra-
tional modes of interest extracted from AIMD simulations, reporting both
their Fourier time-independent and time-resolved Wavelet associated spectra,
are shown simultaneously for both ground and excited states. The spectrum
in 3.9 presents a main contribution centered in the Sp at 160 cm™! with no
significant changes upon excitation (157 cm~!) showing a perfect agreement
with the experimental value (153 cm~ 1) [94]. This mode can be described in
both electronic states as an out-of-plane bending involving both units moving
synchronously towards each other in the same direction. During the Sy tra-
jectory, it emerges that this mode highly couples with another collective low
frequency motion of the two monomers approaching closer to each other (~
90 cm~!). Several other small contributions to this mode seem to be present
on average along the trajectory by inspecting the FT analysis such as the C-H
stretchings of 1CIN (~2220 cm'), the C-C stretching of the TCNE (~1300
cm™1!), the 1CIN C-H groups in plane bendings (~1130 cm~!), and the sym-
metric NCNs scissoring of the TCNE unit (116 cm™'). On the other hand,
their magnitudes in the WT spectrum are ~ 10% of the main features peaks,
thus appearing to be less relevant. These low frequency coupled motions can
be very important in modulating the charge recombination event in the excited
state dynamics since their ability of narrowing the intermolecular distance,
thus promoting a better overlap of the frontier orbitals 3.7. Upon excitation,
the main vibrational feature of TCNE out-of-plane bending is still coupled
with other low frequency motions (54 and 62 cm™!, reported in 3.10), rep-
resenting also this time collective motions promoting the rigid approaching
of the two molecular planes to one another. Interestingly these vibrational
modes, leading to charge recombination and therefore non-radiative decay,
arise not immediately but after few initial ps from excitation. This is in ac-
cordance with the relative long experimentally observed life time of about 6
ps of the excited state [94].
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Figure 3.9. Time-independent spectra (top), normal-like mode composition (center) and Wavelet
spectra (bottom) of the out of plane bending extracted from ground (left) and excited state (right)
trajectory.

Collective low frequency mode: TCNE twisting mode:
54.77 cm™! 64.86 cm
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Figure 3.10. Low frequencies vibrational normal mode displacements (from MinS1, complex) ob-
served in the excited state time-resolved Wavelet spectrum of the out of plane bending mode in 3.9,
bottom right.
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In 3.11, the time-resolved vibrational analysis in both electronic states of the
vibrational mode involving the in phase symmetric CCN bending of the four
groups on the TCNE molecule is discussed next. In the ground state it is ob-
served a main peak at 538 cm™!, in accordance with corresponding frequency
value computed on ground state minima. As the previous mode, this feature
shows strong couplings with other low frequency vibrations: the in phase
bending of the two NC-C-CN angles (117 cm™!) and the in plane bending
around the central C-C moiety of the 1CIN molecule (222 cm™!). On the
other hand, a constant underlining coupling with a higher frequency mode
(1173 cm™"), representing the four (C=)C-C(N) stretchings localized on the
acceptor monomer, is also observed. Upon excitation this second analyzed
mode is present at slightly blue-shifted value with respect to the ground state
(545 cm~!, -7 cm™!) and also this time is in a nice agreement with FSRS ex-
perimental findings (534 cm™!) [94]. Since an oscillatory behaviour in time
of the magnitude of the main signal is observed in both ground and excited
state time-resolved spectra, we reported its FT, where a clear modulation is
present by several anharmonically coupled low frequency modes (24, 47, 60,
150 cm ™!, reported in 3.12), representing collective vibrational modes that
involve both monomers such as dimer breathing, mutual rotations and sliding

of molecular planes. [261, 262]

In 3.13 is reported the last analyzed normal mode, representing the C=C
stretching motion entirely localized on the TCNE monomer. This mode shows
a well defined feature in the ground state centered at 1530 cm ™! that is cou-
pled with a less intense signal at 691 cm ™!, this last one presumably belong-
ing to an out of phase distortion of the of the TCNE molecule. In a previous
experimental study based on spontaneous Raman spectroscopy, [94] the C=C
stretching of neat TCNE in acetonitrile solution is assigned to a peak centered
at 1565 cm~ . Following the excitation to S; electronic state, the TCNE
monomer receives electron density promoting an elongation of the central
double bond, the vibrational mode becomes localized only on the acceptor
molecule, thus the WT spectrum mainly consists of a well resolved and iso-
lated peak at 1485 cm~!. This peak is red shifted (-45 cm™'), as expected,
with respect to So and the anharmonic coupling with the lowest frequency
mode is now less important. The time-independent analysis are also reported
for completeness on the top of 3.13. This trend of the frequency values can
be also rationalized considering the lowering of the C=C bond force constant

following the excitation, as can be observed by inspecting the mean value of
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Figure 3.11. Time-independent spectra (top), normal-like mode composition (center) and Wavelet
spectra (bottom) of the symmetric CCN bending extracted from ground (left column) and excited
state (right column) trajectory.

the double bond distance, computed as average of AIMD trajectories in ex-
cited state, that differs of about 0.060 A with respect to the ground state
value (1.374 A).

In 3.14, we show the temporal evolution of two important internal coordinates
as averages over excited state simulations: the CCl, in the 1CIN monomer,
and the C=C, in the TCNE molecule, bond distances. Computed average
values (CC1: 1.432 A, C=C: 1.424 A) along excited states trajectories are
in agreement with the previously analysed excited state minima of CT com-
plexes, see 3.2. The Fourier Transform of these oscillating signals pulled
out the vibrational frequencies associated, the CC1 distance showed a main
peak centered at 1384 cm~! with a weak shoulder at 1391 cm™!, the C=C
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Figure 3.12. Magnitude fluctuations for the symmetric in plane CCN bending mode, from GS (left
panel) and ES (right panel) Wavelet power spectra extracted in the time (top) and frequency domains
(bottom).

frequencies were found about 100 cm ™! red shifted (1478, 1489 cm™!). Fur-
thermore in 3.14, it is clear that there are no mutual overlaps of the two main
bands. In the frequency range of 1380-1480 cm~! the TCNE has no active
normal modes of vibration as it was verified by the TDDFT frequency calcu-
lations conducted on the fully optimized TCNE:1CIN excited state structures.
This further supports the observed AIMD results showed in the previous para-
graph.

To have a clearer picture of the vibrations involving mostly the 1CIN complex,
it was possible to extract the generalized normal modes considering only the
ICIN coordinates and momenta from both ground and first singlet excited
state molecular dynamics (3.15), having set to zero the momenta associated
to the TCNE subunit. It is worth noticing that we were able to individuate
and assign the generalized normal mode, localized on 1CIN molecule, that
corresponds to the vibrational feature experimentally observed at 1392 cm™!.
Moreover, this study can support the hypothesis that under this broad spec-
tral feature (FWHM= 55 cm~!) [94] might fall many vibrational modes of
1CIN, typical of the naphtalene moiety. Upon excitation, we found two main
isolated and well resolved vibrational features, in which the CCI1 stretching
played a major role (see 3.15 central panel) peaked at 1392 (weaker) and
1428 cm™ !, blue shifted of 16 and 48 cm™!, respectively, compared to those
computed in Sp electronic state. This last trend of frequencies can be also
rationalized in light of structural rearrangements reported in 3.4.
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Figure 3.15. Wavelet spectra related to vibrational modes involving mainly the CC1 bond stretching

(central panel) having silenced the TCNE molecule, reported in gray, extracted from ground (left)

and excited state dynamics (right), the corresponding FT spectra are reported on top and are peaked
at 1338, 1380 cm™! and 1392, 1428 cm™!, respectively.
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3.3.3 Effects of TCNE:M™ coordination sphere on vibra-
tions

From FSRS experiments conducted on TCNE:1CIN CT complex in dichloromethane
solution, Mathies and coworkers [94] assigned the excited state C=C stretch-
ing mode of TCNE to 1392 cm ~! taking into account that the ground state
vibrational spectra of chemically reduced TCNE with Nal or KI in acetoni-
trile solution, showed two peaks at 1390 and 1421 cm~! assuming that these
peaks were due to the C=C stretching of the TCNE ™~ for which the coun-
tercation was inside or outside the solvation shell. We theoretically investi-
gated also the possible coordination sites of the TCNE with respect to Na™ or
K™ counterion, in implicit ACN solvent, (3.16) to elucidate the main struc-
tural changes and vibrational frequencies of the central C=C bond when co-
ordinated together. We found that two stable geometries that correspond to
two different coordination sites on the TCNE molecule, were present. The
TCNE:M™ pairs have been modeled considering at least three different coor-
dination sites, the C-C=C-C major groove, the C-C-C minor groove both in
the molecular plane and one on the top of the carbon double bond, that have
never been isolated. The proximity of the countercation strongly polarizes
the central C=C bond, which in the ground state minimum energy structure
showed a distance of 1.448 (1.433) A for the Na®t ion and 1.446 (1.434)
A for TCNE —:K* complex when the ion was in the C-C=C-C major (minor)
groove, (we recall that for the optimized TCNE monomer in ground electronic
state in implicit DCM solvent was equal to 1.371 A and the anharmonic C=C
stretching frequency was 1548 cm™!). The two different coordination sites
are found to be responsible of two distinct values for the computed Raman an-
harmonic stretching frequencies associated to this mode: 1367 (1376) cm™!
for the TCNE ~:Na*(K*) when in minor grove, 1441 (1432) cm~' for the
TCNE ~:Na'(K™') complex in the other case. Frequency red shifts in perfect
agreement with experimental infrared spectra of the TCNE ~:Na*/K™ anion
salts [263, 264], can be also rationalized in light of the difference in electron
affinities of the cations accounted in the calculations, 0.046 eV greater for Na
than K (0.501 eV). From our investigations we can state that the two vibra-
tional frequencies experimentally observed are due to different coordination
sites of the counterion which has been founded in the same solvation sphere
of the TCNE.
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@

Figure 3.16. Two different coordination sites of TCNE "~ with Na* and Kt countercation on the

first and second row, respectively. The C-PCM acetonitrile Solvent Accessible Surface cavity is also

shown. Left: the counterion is in the C-C=C-C major groove, right: the counterion is in the C-C-C
minor groove.
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3.3.4 Molecular determinant to non radiative relaxation paths

In this section, we discuss the possible molecular determinants that proba-
bly contribute to the activation of non radiative relaxation channels of the
CT complex from the first singlet excited state to the fundamental electronic
one. The temporal evolution of selected structural parameters has been ex-
tracted from the excited state AIMD simulations and primarily investigated
by means of their frequency contents. The previous analysis of vibrational
frequencies allowed us to identify the main candidate vibrational modes most
likely involved in the non radiative decay: the out-of-plane bending presum-
ably responsible for the back electron transfer event (3.18), the central C=C
stretching mode (3.20) and a low frequency collective mode (3.24) which
rigidly approaches the two subunits one another. To check our hypothesis
both TD-DFT energy scans and first-order NAC elements matrix evaluation
were computed for each identified vibrational mode according to the proce-
dure presented in the computational details. In 3.17 NC=CN dihedral angles
FT are reported, showing a clear feature at about 160 cm™!, easily assignable
to the out of plane bending mode of the TCNE monomer. The corresponding
NAC evaluation by displacing along the out of plane-bending mode coordi-
nate (3.18) showed that at the highest value of NAC (0.365 Bohr™!), reached
when the four cyano groups bend toward the 1CIN unit during the nuclear
motion, the TD-DFT energy is 0.150 eV lower with respect to the initial ge-
ometry. These are both signs of the high involvement of this motion in the

non radiative pathway.

In 3.19 the FT of the C=C bond length temporal evolution shows a clear peak
centered at 1478 and 1489 cm~!. TD-DFT energy scans and NAC norms
evaluation along the C=C normal coordinate are thus evaluated and reported
in 3.20, respectively. When the two carbon atoms approach one another till
the closest scanned distance, the TD-DFT energy values reaches its maximum
value (+ 1.192 eV with respect to the starting geometry, 1.932 eV) and the
NAC trend goes in the opposite direction (up to 0.209 Bohr~'). At the largest
C=C distance, the TD-DFT values drops off (-0.827 eV) while NACs reaches
its maximum value with a high positive slope (up to 0.411 Bohr™'). These
data suggest that the C=C double bond may be a very sensitive probe of the
photoinduced charge transfer extent as well as being a molecular determinant

of non radiative relaxation more important than others.

In these regards, we analyzed the normalized distribution between the TCNE’s
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Figure 3.17. Top: temporal evolution of the NC=CN dihedral angles from excited state AIMD tra-
jectory and its Fourier Transform spectrum (bottom).

C=C bond length and Sp-S; energy gap values obtained by averaging the three
excited state trajectories in 3.21. When the bond length increases, reaching
its maximum value, the energy gap of the two PESs moves towards its low-
est value. According to this, presumably the C=C distance in the excited
state mainly affect the adiabaticity of the two involved potential energy sur-
faces providing a channel to non-radiative molecular relaxation of the entire
TCNE:1CIN CT complex in the ground state. Our results are in agreement
with previous X-Ray crystallographic structure determination and vibrational
Raman spectra of the TCNE" [n=0,-1,-2] CT salts. [265] High-precision cou-
pled cluster calculations performed on TCNE molecule in gas phase and ace-
tonitrile solution [236], have also shown that in the excited state the central
ethylene bond undergoes an elongation which, besides stabilizing the excited

electronic state, also favours a rotation around the internuclear axis.

The electron density redistribution following the photoexcitation has led to a
fairly strong change in net charge on both monomers, this has increased the
non-covalent interactions by reducing the intermolecular separation between
the two subunits (~ -0.064 A with respect to GS trajectory). To investigate
the role of molecular plane distances in relaxation phenomena at the ground
electronic state we report in 3.22 the center of mass distances, computed as
averaged value of the three excited state trajectories, and its Fourier spectrum

which highlighted the presence of low-frequency vibrational modes mainly
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Figure 3.18. Top: TD-DFT energy scan (eV) computed for each 6 increment for the S} +Sy electronic

transition. Bottom: Frobenius norm of nonadiabatic coupling matrix computed along with the out-of-

plane TCNE bending mode, increased of 6=40.05 equal to a deformation of the N-C=C-N dihedral
angle of ~ 0.65°.

in the 25-90 cm™! spectral range. In 3.24, the TD-DFT energy scan and NAC
values computed for each displacement along a low frequency vibrational of
rigid approach of the two subunits mode computed for the MinS0, geome-
try, showed that the closeness of the two monomers mainly affects the energy
separation between the two electronic states reaching a minimum excitation
energy of 1.988 eV. The distribution on the contrary, did not highlight a cor-
relation between the average of COM distance and the So-S; energetic gap,

please see 3.23.

In summary, some nuclear motions are expected to participate in non-radiative
relaxation phenomena and the investigated vibrational modes here showed to
affect in some extent the energy gap between the two PESs. The deformations
conducted along the normal mode that mostly contribute to the excited state
relaxations are reflected in high values of the non adiabatic coupling elements
and low energy gaps. The characteristic trends observed for C=C stretching
mode suggest that it may be, predominantly, a key vibrational mode in the

return to the ground electronic state.
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3.4 Conclusion remarks

In the present study a prototypical spatially separated molecular system has
been investigated in terms of adiabatic molecular dynamics simulation in im-
plicit solvent in both ground and first singlet excited state which showed a
strong charge transfer character. The data processing entrusted to the multi-
resolution Wavelet protocol, in addition to the precise identification of the
main vibrational modes and the associated anharmonic frequencies, allowed
us to observe their temporal evolution too. From the Fourier Transform anal-
ysis of oscillatory components of such features, the vibrational couplings of
the in- and out-of-plane bending modes of the TCNE acceptor with collective
low frequency modes, have been discovered. The possible coordination sites
of the anionic TCNE with respect to N a’ or KT counterion, have been inves-
tigated in implicit acetonitrile solution in terms of geometries and vibrational
frequencies of the double bond ethylene moiety. We observed that in the same
solvation sphere, there are two non-equivalent coordination sites that distort
the initial symmetry and also that the nature of the counterion affects the
electron density distribution. Finally, TD-DFT energy scans and first-order
NAC elements matrix evaluation were computed on selected nuclear motion
to unveil the possible molecular determinants that probably contribute to the
activation of non radiative relaxation channels of the CT complex, actually
the central C=C stretching mode suggest that it may be, more than others, a
key vibrational mode in the return to the ground electronic state. The subtle
knowledge of photophysics and photoreactivities in excited electronic states
can be monitored and handled to guide and modulate photoinduced process
and may useful in the future rational design of photosensitive materials and

SENSors.
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4 First Experimental
Evidence of Singlet Fission
through Femtosecond
Stimulated Raman

Spectroscopy

4.1 Background and motivation

In order to stem the catastrophic effects of global warming due to the impos-
ing CO, emissions into the atmosphere, many research areas are concerned
with exploiting chemical-physical processes to improve the conversion of so-
lar energy. It is important that these new generation materials are able to
convert solar energy into electrical potential energy with the highest possible
yield by limiting dissipation in the best way. The Shockley-Quessier limit
imposes a maximum conversion threshold (photon - exciton, 1 — 1) equal to
33%, this due to heat dissipations which decrease the potential of the photo-
voltaic cells. A valid strategy to overcome such theoretical limit is to exploit
photophysical processes, known as multiple exciton generation, that are able
to give a 1 — 2 conversion, boosting the overall efficiency up to ~ 100%,
and Singlet Fission falls into this category. Recently new systems have been
proposed to be used in organic photovoltaic materials to improve their perfor-
mance, among the various alternatives some new and promising electron ac-
ceptors have been proposed. This indene-fused aromatic class of compounds
[266, 182, 183] showed strong light absorption and easy tunability of the
frontier orbitals, depending on the functionalization of the indene scaffold
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2-Methoxy-9-(4-methoxyphenil)-10-phenylindeno[1,2,3-fg]-tetracene

Figure 4.1. Top view of DimethoxyASI monomer and dimer structures. Carbons are reported in grey,
hydrogens in white, red is for oxygens.

and the six peripheral member rings, and they are photostable. The molecular
compound that we are going to study here IUPAC name: 2-Methoxy-9-(4-
methoxyphenil)-10-phenylindeno[ 1,2,3-fg |-tetracene, shown 4.1) belongs to
the asymetrically substituted diarylindenotetracenes compounds, which are

recently synthetized and characterized.

These compounds are promising as substitutes for fullerene and fullerene-
based compounds in organic electronics and organic photovoltaic devices,
given also their relationship to rubrene, a benchmark organic semiconductor.
[267, 268, 269] The intrinsic electron deficiency of the molecules contain-
ing the indene moiety originates from the 4n-7 anti-aromatic system. The
driving force towards aromaticity (4n + 2) makes these materials contain-
ing indene good electron acceptors. From the X-ray diffraction experiments
[183], the crystal structure belongs to the monoclinic P2;/c space group and
the distance between the molecular planes was calculated to be 3.76 A. The
cyclic voltammogram showed that the DimethoxyASI compound can undergo
two-electron reductions.[183] Finally the UV-Vis spectrum recorded in DCM
solution showed strong absorbance in the visible region (A ,,,,= 553 nm, op-
tical bandgap= 1.96 eV). [183] Recently the structural dynamics associated
to singlet fission has been succesfully investigated by means of Femtosecond
Stimulated Raman Spectroscopy in polyacenes molecules such as pentacene,
tetracene [270], rubrene and its derivaties. [271] This organic molecular sys-
tem is currently under experimental and theoretical examination. The ex-
perimental work presented in this thesis has been carried in the Chemistry
Department of the University of Minnesota in the laboratories of prof. R.R.
Frontiera.
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4.2 Methodology

4.2.1 Toward a tailored theoretical-computational protocol
to Singlet Fission

We began this computational study by performing preliminary TDDFT bench-
mark calculations, being available the UV-Vis spectrum of the DimethoxyASI
system in recorded in dichloromethane (DCM ) solution (see 4.1), on the neu-
tral isolated monomer optimized in the ground state at B3LYP/6-31G(d,p)
theory level as reported in A.6. We evaluated the basis sets size effects (in-
clusion of diffusion functions on non-hydrogen and hydrogen atoms), the im-
plicit solvation contribution (DCM) via Polarizable Continuum Model in its
Conductor like version (C-PCM) [241, 242, 243, 244, 245, 246] through two
different cavities (van der Waals and Solvent Accessible Surface, see A.7)
and also the effect of range-separated XC-functional (CAM-B3LYP) on the
excited states energies. See tables A.4 to A.7 in the Appendix A. This last
part of the work is still in progress and we present some preliminary results.
Within the same theory level, B3LYP/6-31G(d,p), both VDW and SAS sur-
faces induce a redshift of excitation energies (the maximum observed dif-
ference was equal to -0.11 and -0.04 eV, respectively). Diffuse functions
on heavy atoms also reduce the transitions energy of 0.11 eV with respect
B3LYP/6-31G(d,p) case and the solvation effect is consistent as in the pre-
vious case (-0.10 and -0.05 eV). Diffuse functions on hydrogen atoms have
a similar effect to the previous theory level on the excitation energies: -0.11
eV with respect to B3LYP/6-31G(d,p) and -0.10 (-0.05 eV) when the VDW
(SAS) surface is included within the same potential. The absolute errors (AE)
computed with respect to the maximum absorbance and the optical band gap
(2.24 and 1.96 eV in DCM solution, respectively) is satisfactory for the first
and second singlet excited states for the different theory levels considered.
The B3LYP/6-31+G(d,p)/C-PCM(DCM) theory level stands out as a good
compromise between accuracy and computational cost, the AE respect to the
maximum absorbance and band gap is 0.23 and 0.06 eV for the first excited
state and 0.00 and 0.28 eV for the second excited state, respectively. At this
point the isolated monomer has been optimized again at B3LYP/6-31+G(d,p)
level in gas phase starting form the crystallographic structure and the vertical
excitation energies have been computed. The AE with respect to the max-
imum absorbance and the optical band gap turned to be for the first singlet

excited state 0.21 eV and 0.08 eV and for the second singlet excited state
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0.01 eV and 0.27 eV, respectively. Taking into account the role of the implicit
DCM solvent as cavity constructed from van der Waals spheres of the consti-
tuting atoms of the molecular systems, the AE is pretty well overlapped to the
gas phase: 0.28 and 0.01 eV for the S;<—S¢ transition, 0.02 and 0.26 eV for
the S»<—Sy transition. The effect of range-separated hybrid functional CAM-
B3LYP on the vertical excitation energy has been evaluated on the B3LYP/6-
31G(d,p) optimized structure. As discussed above, we took into account both
the effect of implicit solvation effect of DCM and the effect of the diffuse
functions on heavy and then on hydrogen atoms. At first glance, the CAM-
B3LYP XC functional induce a severe blue shift on electronic transitions en-
ergy with respect to values predicted at corresponding B3LYP theory level,
which for the gas phase cases is close to 1 eV. Again, the inclusion of implicit
solvent decreased the excitation energy, the VDW surface acts to a greater
extent than SAS (maximum differences -0.15 eV and -0.05 eV, respectively).
Diffuse functions on heavy and hydrogen atoms predicted the same values
and consequently the same effects on electronic excitation energies (-0.09 eV
with respect to the CAM-B3LYP/6-31G(d,p) gas phase, -0.13 and -0.05 eV
when the implicit solvent is accounted as VDW and SAS, respectively). The
absolute errors computed with respect to the maximum absorbance ranging
from 0.07 to 0.17 eV, and from 0.35 to 0.45 eV respect to the optical band
gap for the ES;. The absolute error for the ES, electronic transition is greater
than the previous case a range that covers 0.40 to 0.44 eV respect to A4, and
0.68 to 0.73 eV respect to the optical band gap. Is known that the Singlet
Fission occurs when the E(S;>2E(T;) energy requirement is fulfilled. The
unrestricted TD-DFT calculations which are reported in tables A.7 and A.8
in Appendix A, gave us access to the energies of the electronic triplet states.
In the cases considered it is found that the first triplet excited state on aver-
age lies below the first singlet excited state. For the B3LYP/6-31+G(d,p) case
the S; state is 0.16 eV more energetic than the T electronic state in the gas
phase and when the implicit DCM solvent is accounted as Solvent Accessible
Surface (2.04 eV). Instead the T - S; energy difference is -0.11 eV for the
B3LYP/6-31+G(d,p)/C-PCM(DCM) theory level.

The nature of the first singlet excited state it is mainly HOMO-LUMO with a
lower HOMO_ |-LUMO contribution, while it is completely reversed for the
second singlet excited state. The HOMO_;, HOMO and LUMO molecular
orbitals contour plots which are involved in the first two singlet excited states,

are reported in 4.2.
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HOMO LUMO HOMO -1

Figure 4.2. Ground state frontier molecular orbitals HOMO, LUMO and HOMO_ (isovalue= 0.02)
involved in the first and second singlet excited state, computed at B3LYP/6-31+G(d,p) theory level.

In the first excited state, considering the HOMO-LUMO contribution, the re-
arrangement of electron density following the photoexcitation, suggested an
alternating bond that mainly affects the indenotetracene core with a partial
charge-transfer that involved the oxygen of one of the methoxy groups. The
electron density rearrangement depicted by the HOMO_-LUMO orbitals
shown a greater charge-transfer character from one region of the molecular
core to the entire backbone in which the methoxy group has played a main
role. For both cases examined here, peripheral phenyl groups did not appear
to be particularly involved. In instances like this, in which an electronic state
can be described by more than one pair of transition orbitals, natural transition
orbitals (NTOs) reported in 4.3 turn out to be particularly useful transform-
ing the canonical orbital representation into a more condensed view in which
each excited state is expressed, when possible, as a single pair of orbitals.
[272]

Excited State 1
Hole Electron
Excited State 2
ﬁx - %3&
Hole Electron

Figure 4.3. Ground state Natural Transition Orbitals labeled as Hole and Electron (isovalue= 0.02),
for the first and second excited state, computed at B3LYP/6-31+G(d,p) theory level.
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By carefully studying the crystallographic structure of dimethoxyASI reported
in [183] we have noticed that at least two different dimeric structures can be
identified: a first dimer (reported in 4.4, top) in which there is a partial overlap
between the peripheral rings of one monomer and the backbone of the other
in which the 7-7 distance is 4.76 A and a second dimeric structure (see
4.4, bottom) in which the two constituent monomers are more displaced with
respect to each other and whose molecular planes are closer together, about 1
A less.

Figure 4.4. Two different dimers identified in the crystallographic structure. Top left: structure called

Dimer) in custom view to enhance the molecular planes and along the b-axis (top right) Bottom lef:

structure called Dimer, in custom view to enhance the molecular planes and along the b-axis (bottom

right). The center of mass distance (COM) between the two subunits that identify the molecular
planes is reported in gray for each adduct.

In order to perfect the crystallographic structures without changing the rela-
tive orientations and the distance between the molecular planes constrained
geometric optimizations were carried out by fixing the coordinates of all the
atoms except for the hydrogens. In this way all the C-H bonds have assumed
the correct bond length going from 0.9 to 1.08 A on average. The partially
optimized structures of each dimer in gas phase are shown in A.8 in Appendix
A.

To investigate the energetics of the Singlet Fission process, TD-DFT pre-
liminary calculations have been performed starting from the crystallographic
structures of each dimer. Looking at the molecular orbitals that define the
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greatest contribution to the lowest singlet excited state in the Dimer; we
found that the S;<-Sg electronic transition has a charge-transfer character
while the remaining electronic transitions are Locally-Excited with a partial
intramolecular charge transfer. On the contrary, the nature of all the elec-
tronic transitions computed for Dimer, are Locally-Excited type and no in-
termolecular charge transfer has been observed but higher energy intramolec-
ular charge-transfer. In 4.5 we report the frontier molecular orbitals of the
first singlet excited state computed at TD-B3LYP/6-31+G(d,p) in gas phase
and a scheme of the energies of the electronic levels potentially involved in
the SF process, that is S| and T;. The energy difference between states Sy
and T suggests that the prerequisite for Singlet Fission for both systems un-
der study is satisfied and that the photophysical process can therefore proceed
endothermically. [273]

Dimer,
1.89eV . —————— -o[5/]
654.91 nm N
1.89 eV ———ee o
1=0.0049 [ ol
m————— _.
HOMO LUMO

Dimer,
"ﬁg/ 200 eV xﬁgJ R [5]
619.95 nm
Bﬁ* o | e

Figure 4.5. Frontier molecular orbitals and vertical excitation energy (in eV and nm) from the ground
to the first singlet excited state computed at TD-B3LYP/6-31+G(d,p) on the isolated dimeric structures
Dimer; and Dimer,. Pictorial energy scheme of the electronic states involved in the SF process.

The amount of charge transferred between the two subunits in both ground
and first singlet excited states have been quantified for each dimeric structure
by employing the Natural Bond Orbitals (NBO) charge partitioning scheme
[230, 231, 232, 233, 234, 235] reported in A.9 in Appendix A. In the Dimer,
case, following the excitation there is a redistribution of the charge between
the two monomers which involves mainly the tetracene backbones and the
indene moiety, overall there is the transfer of a quantity of charge close to
the unit (4= 0.963 e). A local redistribution of the charge in each monomer
which involves mainly the tetracene backbone and the indene moiety has been
observed upon excitation for the Dimer,.
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The preliminary results just described revealed that we are facing an appeal-
ing system that can serve as a model for the Singlet Fission process. Through
an integrated and synergic approach between theory and experiment it will be
possible to give new insights regarding the mechanistic aspects of this pho-
tophysical phenomenon which are still debated. In this specific case, the de-
tailed knowledge of electronic and nuclear properties, such as the directions
of transition electric dipole moments and the phonon modes compositon of
the two dimeric systems will trace the way forward in the near future for the
setup of new experiments aimed at studying the structural dynamics and to
the photophysical characterization of each pair.
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4.2.2 Experimental methods

Since the experimental conditions of crystallization are not yet known and it is
also the first time that this new compound is being studied, the first step of this
work concerned the optimization of experimental conditions to grow crystals.
The sample, stored in the freezer, looks like an intense purple powder and we
had ~ 4.3 mg. At the beginning we tried to get crystals using the Physical
Vapor Transport (PVT) method setting different temperature gradients - based
on what is known about similar compounds - at an Argon flow rate of 50
cc/min, but without success. Then we tried, as second test, to obtain crystals
from sample solutions and this led to the growth of crystals. We prepared 3

solutions of our sample, which have been visually monitored for several days:
1. chloroform (CHCl3), kept at room temperature under the hood;
2. chloroform + methanol (CHCl3 1:2 CH30H), kept in the fridge;
3. methylene chloride + methanol (CH,Cl, 1:2 CH3OH), kept in the fridge.

The crystals obtained from the first solution were transferred onto a labora-
tory slide 4.6 and fixed with an epoxy glue, for further measurements: mi-
croscope observation, UV-Vis absorption, CW Raman, Transient Absorption,

Femtosecond Stimulated Raman Spectroscopy.

————————

B
# "*Sv
M*

Figure 4.6. Laboratory slide on which the crystals have been fixed. The label B states for Big, M
states for Medium and S for Small spots.

The images of the crystals, reported in the next section, were obtained at the
Olympus microscope IX73P2F with a 10x/0.25 achromatic objective lens.

The absorption spectrum of crystals, in the UV-Visible range, has been recorded
from 185 nm to 1400 nm by using UV2600 UV-Vis spectrophotometer by

Shimadzu in transmission mode.

The spontaneous Raman spectra of DimethoxyASI crystals has been obtained
on a in-house built optical table using a 785 nm laser (laser power at the sam-

ple, 80 mW) focused onto a 10x Olympus objective in Transmission setup



Chapter 4. First Experimental Evidence of Singlet Fission through a4

Femtosecond Stimulated Raman Spectroscopy

and a CCD array as detector (Princeton Instruments PIXIS 400BX). Spec-
tra were collected in a single window between 620 and 1720 cm~!. Raman
shifts calibration has been performed by recording the spontaneous Raman
spectrum of cyclohexane at RT and preceded the measurements performed

on the sample, see A.14 in Appendix A.

Femtosecond Stimulated Raman spectrum and Transient Absorption have
been collected on a home-built setup that employed a Coherent model Libra-
F-1K-HE-110 fs amplifier.

For detailed technical specifications, see Appendix A.

All data analysis is performed in IGOR Pro [274] using custom-developed

procedures.
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4.3 Results and discussion

The observation under the microscope allowed us to define the shape and
type of the crystals, some collected images are shown in 4.7. The crystals are

needle-like and intensely dark purple colored.

Figure 4.7. DimethoxyASI dark purple needle-like crystals under 10x microscope observation. (Cir-
cular objects are air bubbles trapped in epoxy glue.) The scale bar is X mm.

Crystals have been firstly characterized by means of UV-Vis spectroscopy.
The UV-Vis spectrum has been recorded by scanning the available wave-
lengths from 185 to 1400 nm as first exploratory step and then recorded in
the 200 - 870 nm region, in 4.8 the 350 - 750 nm range is reported. In A.10 in
the Appendix A the UV-Vis spectra recorded on the Big and Small spot, cf.
labels in 4.6, is reported along with the exploratory spectrum. At first glance
we noticed that the steady-state absorption spectrum of the crystals covers
the entire solar spectrum and also we can recognize distinct macroregions of
interest: from ~ 340 to ~ 480 nm, between ~ 500-600 nm and 650-700 nm.
The gaussian fitting performed on the UV-Vis spectrum (solid red trace, see
A.11 and A.12 in Appendix A) helped us to assign features with a higher de-
gree of confidence. The present spectrum can be resolved into, at least, five
absorbance bands located at: 377, 421, 529, 570, 624 nm.

UV-Vis Experimental results
DCM solution [183] | Crystal [this work]

390 (3.18 eV) 421 (2.94 V)
420 (2.95 eV) 529 (2.34 eV)
550 (2.25 eV) 570 (2.19 eV)

624 (1.99 eV)

Table 4.1. UV-Vis absorptions in nm (eV) observed in DCM solution (left column) and in
DimethoxyASI crystalline form. The absorption band at 377 nm is not well resolved and is doubt-
ful.
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Figure 4.8. Big spot UV-Vis absorption spectrum recorded in the 350-750 nm range. The gray dot
trace is for medium speed acquisiton velocity, red solid trace is for very slow acquisition velocity.
Vertical dashed lines are shown for the main ticks for better reading.
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Figure 4.9. Ground state spontaneous Raman spectrum of the DimethoxyASI crystal recorded in the
620 - 1720 cm™! spectral region. The inset shows a microscope image of crystal.

The ground state Raman spectrum of the crystals, recorded for the first time
with 785 nm excitation, is shown in 4.9, the sloped baseline could be due
to fluorescence phenomena by the slide or due to the small size of the crys-
tals. Through the data analysis performed throughout the spectral range by
gaussian fitting, reported in Appendix A in A.15, A.16, A.17, A.18, A.19, we
found several Raman features that can be assigned with the aid of DFT Ra-
man frequency calculation on the isolated monomer. Corresponding normal
modes, computed on the ground state for the isolated monomer optimized at
B3LYP/6-31+GDP theory level, are reported in 4.10.



Chapter 4. First Experimental Evidence of Singlet Fission through

88

Femtosecond Stimulated Raman Spectroscopy

N. | Exp. (cm™ ') | Isolated monomer (cm~!)* Assign.

1 844 832 Peripheral CH wagging

2 867 877 Rings breath.

3 987 992 Ring deformation

4 1001 1008 Ring breath. + HCCH rocking

5 1127 1128 HCCH rocking

6 1169 1165 CHjsbending + HCCH in plane bending

7 1197 1211 HCCH scissoring

8 1296 1290 HCCH rocking + CC stretching

9 1360 1366 HCCH rocking + CC stretching

10 1405 1409 HCCH rocking + CH3 umbrella + CC stretching

11 1434 1435 HCCH rocking + CH3 umbrella + CC stretching

12 1521 1527 Tetracene core CC stretching

13 1554 1555 Ring CC stretching

14 1607 1606 Tetracene core CC stretching

Table 4.2. Relevant experimental Raman peaks and scaled Raman frequencies for selected vibrational
modes. *Scaling factor: 0.964.



Chapter 4. First Experimental Evidence of Singlet Fission through %9
Femtosecond Stimulated Raman Spectroscopy

I f,(
3\

A

1

oG
6

5

Figure 4.10. Normal modes displacement vectors computed at B3LYP/6-31+G(d,p) associated to the
14 Raman peaks observed in 4.9. Scaled frequency values and description is reported in 4.2.
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The TA spectrum shows the temporal evolution associated to the fraction of
molecules promoted to electronically excited state by means of actinic pulse.
In the TA spectrum 4.11 is observed that the excitation is very fast (starting
from the time origin of the experiment, 1 fs) and the three very long-lived
bands at 1.433, 1.382 and 1.333 eV, do not decrease in intensity in the time
interval considered - up to 50 ps. These preliminary evidences could be due
to the presence of long lived electronic states and therefore attributable to
triplet states, trapped excitons or charge transfer state. For a full understand-
ing and interpretation of the features present in the TA spectrum a theoretical-

experimental synergic approach is indispensable.
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Figure 4.11. Femtosecond Transient Absorption spectrum of the DimethoxyASI recorded on single

crystal at various time delay relative to photoexcitation, in the 860 - 960 cm™! spectral region.
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Raw FSR data plot in the 800 - 2000 cm™~! spectral region of DimethoxyASI
single crystal following the subtraction of excited state spectra from the ground
state spectrum (1:1) is shown in 4.12. The ground state spectrum (thick red
trace in 4.12 scaled by 1/5) shows three peaks at 1286, 1425 and 1544 cm™!
according to the DFT harmonic frequency calculations they can be assigned
to C-H in plane bending motions and CC stretching of tetracene core and
anisole-like ring (see the table 4.2 and 4.10). All three show depletion in am-
plitude upon photoexcitation and there are no hidden excited state features
after re-add the ground state. Furthermore, we observed two satellite features
close to 1000 and below 1800 cm~'. To examine the excited state dynam-
ics it will be necessary to add the ground state spectrum for a more accurate
analysis. We are currently analyzing additional data sets that we have col-
lected, only one data set is shown here. Each ground state peak amplitude has
been fitted with a gaussian function, which was then used for fitting the corre-
sponding amplitudes in the excited state. Figures 4.13, 4.14 and 4.15 show the
Raman depletion of the 1286, 1425 and 1544 cm ! modes, respectively. The
oscillating behavior over time, particularly evident within the first 4 ps could
be a symptom of a vibrational coupling with some other vibrational modes. In
principle it is possible to apply the Fourier Transform to obtain the frequen-
cies associated with these oscillations. Since for this preliminary data series,
the fitting did not return equal spaced points, we think the Fourier Transform
can lead to misleading results. We are currently collecting additional data to
unambiguously quantify the vibrational couplings and the kinetic associated

to such vibrational modes.
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Figure 4.12. Femtosecond Stimulated Raman spectrum of the DimethoxyASI recorded on single
crystal at various time delay relative to photoexcitation, in the 800 - 2000 cm ™' spectral region.
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Figure 4.13. Upper panel, Raman depletion profile of 1286 cm™!, mode n.8, during the time (fs).
Bottom panel, enlarged region around O - 10 ps to better show the oscillating behavior.
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Figure 4.14. Upper panel, Raman depletion profile of 1425 cm~', mode n.11, during the time (fs).
Bottom panel, enlarged region around O - 10 ps to better show the oscillating behavior.
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Figure 4.15. Upper panel, Raman depletion profile of 1544 cm~', mode n.13, during the time (fs).
Bottom panel, enlarged region around 0 - 10 ps to better show the oscillating behavior.
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4.4 Conclusion remarks

In this study which is still progressing, we have faced the study of a new
system recently synthesized. The first step concerned the optimization of the
experimental conditions for obtaining the crystals. We proceeded with the
spectroscopic characterization of the crystals through UV-Vis spectroscopy
and Raman spectroscopy for the ground state. The experimental results were
also interpreted with the help of preliminary DFT and TDDFT calculations.
Thanks to time-resolved spectra, we got some first insights about the Singlet
Fission event in this new molecule. The presence of features in the Transient
Absorption spectrum could indicate that following photoexcitation triplet ex-
citons or trapped excitons are generated. A preliminary analysis of the FSRS
spectrum suggests that there is no charge transfer intermediate during the pro-
cess, unlike as observed in previous cases. [270] We would need to deepen
the study and acquire spectra with a greater number of data points to study the
dynamics and possibly the vibrational couplings. We are currently collecting
new data to improve interpretation and reveal the structural dynamics associ-
ated with singlet fission and triplet separation. Next to this we will proceed
with the study in solution to start the development of a computational proto-
col tailored from the monomer case first, up to higher structures. Given the
size of the models being studied, DFT and TD-DFT are the only feasible elec-
tronic structure theories. We are proceeding to the fine and careful calibration
of the potential for the monomer and the dimer system for the accurate study
of the excited states. The goal is to know the fate of the excited states through
the vibrational relaxation - in the singlet and then in the triplet state - and
to describe the experimental results at atomistic and molecular level giving
useful insight for the rational design of new molecules in the field of organic
electronics. We will use ab-initio molecular dynamics simulations on a single
Born-Oppenheimer surface extending the existing protocols developed in this
research group by introducing the effects of the crystalline environment (e.g.
QM / MM simulations or vibrational bath).
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5 Conclusions and Future

Perspectives

The aim of this PhD project has been the development of theoretical - com-
putational methods for the study of photophysics and photoreactive events
that occur on ultrafast time scales following the photoexcitation and far from
Franck-Condon region. We have exploited the capabilities of ab-initio molec-
ular dynamics integrated with an analysis protocol based on the multiresolu-
tion Wavelet analysis that gave us the opportunity to have a vis-a-vis compari-
son with modern time-resolved vibrational spectroscopic techniques. Indeed,
the connection of the spectroscopic data with the structural and the dynamical
features is far to be an easy task. Plenty of information is provided by inter-
preting trends in the time of vibrational frequencies, frequency fluctuations
and/or frequency shifts, anharmonicity and couplings of the vibrational mo-
tion, which are subtle probes of structural motifs and reaction mechanisms.
We have faced with the theoretical study of two non covalent charge transfer
(CT) systems with complex and intriguing photophysics for which we have
been able to prove that the protocol we have adopted proves to be very versa-
tile and robust despite their challenging excited state chemistry. The accurate
description provided by the ab-initio molecular dynamics made possible the
interpretation of nuclear relaxation and allowed us to suggest a better assign-
ment of vibrational frequencies. From the time-resolved vibrational spectra
we were able to quantify the anharmonic vibrational couplings between high
and low frequency modes. Finally we were able to correlate vibrational fin-
gerprints to electronic properties, determining which vibrational modes asso-
ciated with structural parameters influenced the adiabaticity of the electronic
states involved. Indeed, regarding the first CT complex (TCNQ:7:TMB) dis-
cussed in Chapter 2, the time-resolved vibrational analysis of the temporal
evolution of the electronic energy gap So<—S1 revealed the presence of a vi-

brational mode localized on the acceptor monomer, TCNQ, that modulates
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the energy gap between the ground and first singlet excited state potential en-
ergy surfaces, in full agreement with the experimental hypotheses. The nona-
diabatic coupling matrix elements computed on several selected structures
displaced along selected generalized normal modes of the TCNE:7:1CIN CT
complex - Chapter 3, extracted from ground state ab-initio molecular dynam-
ics trajectory suggest that the C=C stretching and the out of plane bending
mode of the TCNE monomer are key vibrational modes in non radiative re-
laxation mechanism of the entire CT complex to the ground electronic state.
The work is proceeding with an experimental study concerning the spectro-
scopic characterization through time-resolved vibrational spectroscopies of a
promising electron acceptor system which could be used in the organic elec-
tronic and photovoltaic fields. Femtosecond Stimulated Raman Spectroscopy
and Transient Absorption can elucidate the excited state structural dynamics
associated to very fast photophysical and photochemical events such as the
Singlet exciton Fission. Now we are optimizing the experimental conditions
to obtain crystals more easily through Physical Vapor Transport and we are
collecting new spectroscopic data to study the structural dynamics associated
with Singlet Fission and any intermediates in order to have details on the
mechanism which is still debated. A detailed spectroscopic study in solution
will allow us to develop a tailored computational protocol on the monomeric

system and then we will consider multicromophoric systems.
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A Appendix

A.1 TCNQ:7:TMB, ground state minimum en-

ergy structures
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Figure A.1. Starting molecular guess (bottom) and optimized structures (top) in ground state (Sgp)
ordered according to the relative energy (in Kcal/mol)
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Figure A.2. Starting molecular guess (bottom) and optimized structures (top) in ground state (Sp)
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A.1.1 TCNQ:m:TMB, TD-DFT single point calculations

Table A.1. S; <— So TDDFT SP calculations at CAM-B3LYP/6-31+G(d,p)/GD3, performed on
ground stare minum energy structure at B3LYP/6-314g(d,p)/GD3 theory level. Vertical Excitation En-
ergy (in eV), the oscillator strength (f) and the largest MOs coefficient are reported.

VEE (eV) f MOs coeff. Electronic Transition
-0.23087 L+ H-1
A 2.286 0.1843 0.66543 L —H
-0.16256 L <~ H-1
B 2.157 0.1166 068435 L H
-0.16245 L+ H-1
C 2.158 0.1165 0.63438 L<H
D 1.979 0.0034 0.70033 L+ H
E 2.163 0.1165 0.69856 L+ H
F 2.072 0.0313 0.70273 L+ H
G 1.981 0.000 0.70524 L+ H
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Figure A.3. Normalized ground (black) and first singlet excited state (red) Infrared spectra computed
in gas phase at B3LYP/6-31+G(d,p) and CAM-B3LYP/6-31+G(d,p) level of theory, respectively.

A.2 TCNQ:7:TMB, averaged structural param-
eters from Sy and S; AIMD trajectories



Table A.2. Comparison of the average structural parameters of the acceptor monomer TCNQ ex-
tracted from ground and excited state trajectories. Bond lengths are reported in A(top), bond angles
and dihedrals (bottom) are reported in deg. along with Standard Deviation, SD.

Bonds (A)

C3-Cl10
C10-Cl1
C10-C12
Cl11-N1
CI2-N2
C3-C4
C4-C5
C2-C3
C6-C7
C7-C8
C7-C9
C8-N3
C9 - N4
C5-C6
C6-Cl1
Cl-C2
Bond Angles (deg.)
C2-C3-C4
C3-C4-C5
C4-C5-Co6
C5-C6-Cl
C6-Cl1-C2
Cl-C2-C3
N1-CI10-N2
N3-C7-N4
Dihedrals (deg.)
N1 -Cl10-C7-N4
N2-CI10-C7-N3
N1-CI0-C3-C2

I trajectory (Sp)
Mean (A) (SD)
1.393 (0.02)
1.428 (0.02)
1.428 (0.02)
1.165 (0.008)
1.165 (0.01)
1.449 (0.02)
1.357 (0.01)
1.449 (0.02)
1.391 (0.02)
1.429 (0.02)
1.428 (0.02)
1.165 (0.01)
1.165 (0.01)
1.449 (0.02)
1.449 (0.02)
1.357 (0.01)

117.6 2.1)
120.8 (2.4)
1209 (21.)
117.6 (2.1)
120.9 (2.4)
120.9 (2.1)
117.2(1.3)
116.5 (7.5)

-181.3 (10.4)
-178.9 (14.1)
-178.6 (7.9)

I trajectory (Sy)
Mean (A) (SD)
1.421 (0.02)
1.417 (0.02)
1.416 (0.02)
1.163 (0.008)
1.163 (0.007)
1.425 (0.02)
1.368 (0.01)
1.425 (0.02)
1.420 (0.02)
1.417 (0.02)
1.417 (0.02)
1.163 (0.009)
1.163 (0.008)
1.425 (0.01)
1.425 (0.01)
1.368 (0.01)

116.6 (2.3)
1213 (2.2)
1212 (2.2)
116.6 (2.3)
121.3 (22)
121.3 (2.1)
119.4 (6.8)
119.8 (6.1)

-163.8 (18.6)
1942 (16.4)
1739 (13.1)

A (S1-So0)

0.028
-0.011
-0.012
-0.002
-0.002
-0.024

0.011
-0.024
0.029
-0.012
-0.011
-0.002
-0.002
-0.024
-0,024
0.011

17.5
-15.3
4.7

1I trajectory (S;) A (S; - So)

Mean (A) (SD)
1.417 (0.02) 0.024
1.417 (0.01) -0.011
1.417 (0.01) -0.011
1.162 (0.005) -0.003
1.162 (0.005) -0.003
1.427 (0.02) -0.022
1.360 (0.01) 0.003
1.426 (0.02) -0.023
1.421 (0.02) 0.03
1.416 (0.02) -0.013
1.415 (0.02) -0.013
1.163 (0.008) -0.002
1.163 (0.007) -0.002
1.425 (0.02) -0.024
1.424 (0.02) -0.024
1.360 (0.01) 0.003
116.7 (2.1) 0.9
121.2 (2.1) 0.4
121.2 (2.1) 0.3
116.7 (2.1) -0.95
1213 2.1) 0.4
121.2 (2.0) 0.3
119.6 (6.4) 23
118.9 (5.7) 24
-162.9 (13.7) 13.4
-197.6 (14.1) -18.7
-174.8 (9.5) 3.8

11T trajectory (S1) A (St - So)

Mean (A) (SD)
1.418 (0.02) 0.025
1.416 (0.02) -0.012
1.416 (0.02) -0.012
1.163 (0.008) -0.002
1.163 (0.007) -0.002
1429 (0.02) -0.02
1.368 (0.01) 0.011
1.425 (0.02) -0.024
1.420 (0.02) 0.029
1.417 (0.02) -0.012
1.417 (0.02) -0.011
1.163 (0.01) -0.002
1.163 (0.01) -0.002
1.426 (0.02) -0.023
1.426 (0.02) -0.023
1.368 (0.01) 0.011
116.8 (2.6) 0.8
121.3 (2.1) 0.5
121.3 (2.1) 0.4
116.8 (2.6) 0.8
1213 (2.2) 0.4
1213 (2.2) 0.4
117.7 (6.1) 0.5
118.5(6.0) 2
-167.1 (16.4) 142
-193.7 (16.8) -14.8
-174.9 (11.03) 3.7
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Table A.3. Comparison of the average structural parameters of the donor monomer TMB extracted
from ground and excited state trajectories. Bond lengths are reported in A(top), bond angles (bottom)

Bonds (A)

Cl-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-Cl
Cl-C7
C2-C8
C5-C10
C4-C9
Bond Angles(deg.)
C2-C3-C4
C3-C4-C5
C4-C5-Co6
C5-C6-Cl
C6-Cl1-C2
Cl-C2-C3

are reported in deg. along with Standard Deviation, SD.

I trajectory (So)
Mean (A) (SD)
1.410 (0.02)
1.403 (0.02)
1.401 (0.02)
1.410 (0.02)
1.402 (0.02)
1.402 (0.02)
1.510 (0.003)
1.512 (0.003)
1.508 (0.003)
1.512 (0.003)

118.3 (2.7)
122.8 (2.1)
1182 (2.7)
118.3 (2.7)
122.8 (2.1)
118.2 (2.7)

I trajectory (S1)
Mean (A) (SD)
1.452 (0.02)
1.390 (0.02)
1.381 (0.02)
1.452 (0.02)
1.390 (0.02)
1.382 (0.02)
1.490 (0.02)
1.491 (0.02)
1.490 (0.02)
1.493 (0.02)

121.9 2.1)
118.6 (2.1)
118.6 (2.1)
121.9 2.1)
1185 (2.1)
118.7 (2.1)

A(S1 - So)

0.04
-0.01
-0.02
0.04
-0.01
-0.02
-0.02
-0.021
-0.018
-0.019

1I trajectory (S1)
Mean (A) (SD)
1.457 (0.02)
1.387 (0.02)
1.390 (0.02)
1.456 (0.02)
1.391 (0.02)
1.387 (0.02)
1.491 (0.02)
1.492 (0.02)
1.491 (0.02)
1.491 (0.02)

122.08 (2.2)
118.7 (2.1)
118.6 (2.1)

122.09 (2.2)
118.7 2.1)
118.6 (2.1)

A(S1 - So)

0.047
-0.016
-0.011

0.04

-0.01
-0.015
-0.019

-0.02
-0.017
-0.021

11T trajectory (Sy)
Mean (A) (SD)
1.456 (0.02)
1.389 (0.02)
1.389 (0.02)
1.455 (0.02)
1.388 (0.02)
1.390 (0.02)
1.491 (0.02)
1.492 (0.02)
1.492 (0.02)
1.491 (0.02)

121.9 2.1)
118.7 (2.1)
118.6 (2.1)
121.9 2.1)
118.6 (2.1)
1185 (2.1)

A(S1-S0)

0.046
-0.014
-0.012

0.045
-0.014
-0.012
-0.019

-0.02
-0.016
-0.021
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A.2.1 TCNQ:7:TMB, center of mass distance from Sy and
S| AIMD trajectories

We have computed the distance between the centers of mass of the two monomers
for each trajectory sampled: for the 10 ps long ground state one, the two
monomers are at an average distance of 3,993 A reaching the maximum dis-
tance of 4,522 A at ~ 3,5 ps. The closest point of contact occurs 1.5 ps (3.336
A ). Two excited state trajectories showed similar behavior (S1 I and S1 II)
on average the distance between the two subunits is of 3.810 A and3.765 A,
respectively. Due to the new electron distribution following the photoexcita-
tion and the formation of a biradical species, the CT complex is able to reach
a minimum distance of ~ 0.4 A below that observed for the ground state.
The last excited state trajectory (S1 III) shows a visibly different trend with
maximums just above 6.000 A for the first 3 ps, to then decrease up to 2.980
A (minimum distance) and then increase again around 5.00 A . The discor-
dant trend was verified by analyzing the S1 III trajectory frames, at distances
close to 6.000 A the TCNQ monomer arranges itself slipped parallel with
respect to the TMB by superimposing only one region of the molecule (NC-
CCN) on the TMB ring. For this reason the distance between the centers of
mass assumes values so different from that observed for the other trajectories.
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Figure A.4. Center of mass distances, in A, computed from ground and excited state trajectories
(labels and color scheme are inside the figure).

oogo oL )

5

£ 0.020 _

o I -

©

2

£ 0.010 -

f=2]

@©

s | ]
0000, AN

0 1000 2000 3000 4000 5000 6000 7000
Time (fs)

Figure A.5. Magnitude IW(v,t)?| of the CCN bending mode extracted from the excited state Wavelet
spectrum reported at the bottom of 2.13.
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A.3 DimethoxyASI, preliminary computational study

Figure A.6. Ground state optimized structure at B3LYP/6-31G(d,p) potential, of the isolated
DimethoxyASI monomer as reference for the restricted and unrestricted TDDFT benchmark calcu-
lations.

Figure A.7. Implicit solvation cavities van der Waals (VDW, a=1.1) and Solvent Accessible Surface
(SAS, a=1.0) from left to right, respectively, evaluated in the restricted and unrestricted TDDFT
benchmark.
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The restricted TDDFT benchmark was performed on the isolated monomer
optimized in ground state at B3LYP/6-31G(d,p) theory level, reported above
in (A.6). We can summarize here the implicit solvation effect of DCM and
the inclusion of diffuse functions on heavy and on hydrogen atoms. The dif-
ferences reported in Chapter 4 are to be considered the maximum difference

between the ten excited states calculated.



Table A.4. Restricted B3LYP TDDFT benchmark calculations performed on the optimized structure
of DimethoxyASI monomer in gas phase at B3LYP/6-31G(d,p) theory level to evaluate the effect of
the diffuse functions and implicit solvation models (DCM) on the vertical excitation energies (eV).

The oscillator strength for each singlet excited states is reported in parenthesis.

Vi B3LYP/6-31G(d,p) B3LYP/6-31+G(d,p) B3LYP/6-31++G(d,p)
GAS VDW SAS GAS VDW SAS GAS VDW SAS
EST  2.0692(0.1234) 2.0429(0.2065) 2.0663(0.1511) | 2.0407(0.1250) 2.0158(0.2105) 2.0377(0.1542) | 2.0406(0.1249) 2.0158(0.2103) 2.0377(0.1542)
ES2  2.2625(0.0636) 2.2589(0.0529) 2.2614(0.0631) | 2.2363(0.0592) 2.2384(0.0481) 2.2363(0.0587) | 2.2365(0.0592) 2.2385(0.0482) 2.2364(0.0588)
ES3  2.7076(0.0004) 2.6018(0.0004) 2.6633(0.0004) | 2.6855(0.0004) 2.5892(0.0005) 2.6402(0.0004) | 2.6857(0.0004) 2.5896(0.0005) 2.6405(0.0004)
ES4  3.3122(0.0420) 3.3029(0.0876) 3.3096(0.0546) | 3.2696(0.0335) 3.2632(0.0781) 3.2677(0.0456) | 3.2696(0.0335) 3.2633(0.0780) 3.2678(0.0455)
ES5  3.4150(0.0090) 3.4015(0.0101) 3.4172(0.0099) | 3.3879(0.0087) 3.3791(0.0074) 3.3905(0.0094) | 3.3878(0.0087) 3.3791(0.0076) 3.3904(0.0094)
ES6  3.5443(0.0007) 3.4310(0.0036) 3.5017(0.0010) | 3.5137(0.0012) 3.4095(0.0051) 3.4711(0.0015) | 3.5141(0.0012) 3.4100(0.0050) 3.4716(0.0015)
ES7  3.6684(0.0003) 3.5631(0.0032) 3.6336(0.0028) | 3.6099(0.0114) 3.5490(0.0061) 3.6115(0.0136) | 3.6097(0.0115) 3.5498(0.0062) 3.6113(0.0162)
ES8  3.6902(0.0118) 3.6825(0.0154) 3.6841(0.0107) | 3.6547(0.0126) 3.6079(0.0548) 3.6134(0.0162) | 3.6550(0.0126) 3.6077(0.0545) 3.6139(0.0136)
ES9  3.7619(0.0369) 3.7263(0.0909) 3.7531(0.0543) | 3.7068(0.0089) 3.6802(0.0394) 3.6974(0.0221) | 3.7069(0.0088) 3.6802(0.0394) 3.6975(0.0219)
ES10  3.9717(0.0884) 3.8886(0.0018) 3.9460(0.0258) | 3.8648(0.1614) 3.8630(0.1578) 3.8793(0.2544) | 3.8643(0.1588) 3.8631(0.1621) 3.8791(0.2547)
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Table A.S. Restricted CAM-B3LYP TDDFT benchmark calculations performed on the optimized
structure of DimethoxyASI monomer in gas phase at B3LYP/6-31G(d,p) theory level to evaluate the
effect of the diffuse functions and implicit solvation models (DCM) on the vertical excitation energies

(eV). The oscillator strength for each singlet excited states is reported in parenthesis.

CAM-B3LYP/6-31G(d,p)

CAM-B3LYP/6-31+G(d,p)

CAM-B3LYP/6-31++G(d,p)

v GAS VDW SAS GAS VDW SAS GAS VDW SAS
EST  2.4135(0.2534) 2.3537(0.3544) 2.4007(0.2928) | 2.3743(0.2506) 2.3153(0.3524) 2.3611(0.2014) | 2.3742(0.2505) 2.3153(0.3523) 2.3611(0.2913)
ES2  2.6701(0.0324) 2.6860(0.0285) 2.6754(0.0312) | 2.6442(0.0294) 2.6647(0.0272) 2.6505(0.0289) | 2.6443(0.0294) 2.6646(0.0272)  2.6505(0.0289)
ES3  3.5304(0.0677) 3.4892(0.0764) 3.5200(0.0770) | 3.4885(0.0600) 3.4547(0.0852) 3.4789(0.0718) | 3.4885(0.0601) 3.4548(0.0855) 3.4789(0.0718)
ES4  3.6597(0.0066) 3.5779(0.0677) 3.6219(0.0176) | 3.6259(0.0043) 3.5470(0.0493) 3.5867(0.0128) | 3.6261(0.0043) 3.5472(0.0489) 3.5870(0.0127)
ES5  4.1283(0.0343) 4.0955(0.0893) 4.1279(0.0503) | 4.0645(0.0495) 4.0299(0.1354) 4.0617(0.0743) | 4.0643(0.0494) 4.0297(0.1351)  4.0615(0.0741)
ES6  4.3377(0.0765) 4.3203(0.2065) 4.3357(0.1065) | 4.2450(0.0363) 4.2425(0.1270) 4.2450(0.0474) | 4.2448(0.0364) 4.2423(0.1270)  4.2449(0.0475)
ES7  4.3673(0.0385) 4.3588(0.0495) 4.3650(0.0439) | 4.2095(0.0570) 4.2858(0.1380) 4.2962(0.0820) | 4.2993(0.0571) 4.2856(0.1381) 4.2960(0.0820)
ES8  4.6131(0.0066) 4.4864(0.0207) 4.5663(0.0082) | 4.5567(1.0246) 4.4267(1.5978) 4.5175(1.2266) | 4.5563(1.0239) 4.4265(1.6033) 4.5174(1.2769)
ES9  4.6581(0.2028) 4.5423(0.4643) 4.6178(0.1716) | 4.5681(0.0437) 4.4497(0.0615) 4.5212(0.1303) | 4.5685(0.0435) 4.4503(0.0549) 4.5217(0.0796)
ESI10  4.7062(0.9123) 4.5614(1.2688) 4.6642(1.3047) | 4.6197(0.0099) 4.5151(0.0702) 4.5877(0.1606) | 4.6191(0.0122) 4.5157(0.0699) 4.5881(0.1582)
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Table A.6. Unrestricted UB3LYP TDDFT benchmark calculations performed on the optimized struc-

ture of DimethoxyASI monomer in gas phase at B3LYP/6-31G(d,p) theory level to evaluate the effect

of the diffuse functions and implicit solvation models (DCM) on the vertical excitation energies (eV).
For singlet excited states the oscillator strength is reported in parenthesis.

UB3LYP/6-31G(d,p)

UB3LYP/6-31+G(d,p)

UB3LYP/6-31++G(d,p)

v GAS VDW SAS GAS VDW SAS GAS VDW SAS

ESI 0.9372 0.9462 0.9402 0.9423 0.9526 0.9457 0.9424 0.9527 0.9458
ES2 1.6775 17013 1.6843 1.6707 1.6982 1.6782 1.6708 1.6982 1.6783
ES3  2.0692(0.1233) 2.0429 (0.2063) 2.0663 (0.1510) | 2.0407 (0.1248) 2.0158 (0.2103) 2.0377 (0.1541) | 2.0406 (0.1248) 2.0158 (0.2102) 2.0377 (0.1540)
ES4 22625 (0.0635) 2.2589(0.0528) 2.2614 (0.0630) | 2.2363 (0.0591) 2.2384 (0.0481) 2.2363 (0.0586) | 2.2365 (0.0591) 2.2385 (0.0482) 2.2364 (0.0586)
ES5 2.6727 2.5798 2.6367 2.6529 2.5672 2.6147 2.6530 2.5676 2.6150
ES6  2.7076 (0.0003) 2.6018 (0.0004) 2.6633 (0.0004) | 2.6855 (0.0004) 2.5892 (0.0005) 2.6402 (0.0004) | 2.6857 (0.0004) 2.5897 (0.0005) 2.6405 (0.0004)
ES7 2.7305 27285 2.7266 27152 2.7198 27128 27152 27198 2.7129
ES8 2.9209 2.9223 2.9200 2.9059 2.9082 2.9050 2.9059 2.9082 2.9050
ES9 3.1604 3.1662 3.1636 3.1407 3.1482 3.1437 3.1406 3.1482 3.1436
ES10 3.2480 3.2510 3.2485 3.1988 3.2045 3.1996 3.1987 3.2044 3.1995
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Table A.7. Unrestricted UCAM-B3LYP TDDFT benchmark calculations performed on the optimized
structure of DimethoxyASI monomer in gas phase at B3LYP/6-31G(d,p) theory level to evaluate the
effect of the diffuse functions and implicit solvation models (DCM) on the vertical excitation energies

(eV). For singlet excited states the oscillator strength is reported in parenthesis.

UCAM-B3LYP/6-31G(d,p)

UCAM-B3LYP/6-31+G(d,p)

UCAM-B3LYP/6-31++G(d,p)

v GAS VDW SAS GAS VDW SAS GAS VDW SAS

ESI 0.3837 0.4254 0.3954 0.4351 0.4744 0.4463 0.4353 0.4747 0.4466
ES2 17110 1.7369 1.7176 17142 1.7425 17214 17143 1.7426 1.7215
ES3  2.4135(0.2539) 2.3537(0.3549) 2.4007 (0.2932) | 2.3743 (0.2501) 2.3153 (0.3519) 23611 (0.2908) | 2.3742 (0.2501) 23153 (0.3519) 2.3611 (0.2908)
ES4  2.6701 (0.0324) 2.6860 (0.0285) 2.6754 (0.0312) | 2.6442 (0.0293) 2.6647 (0.0271) 2.6505 (0.0288) | 2.6443 (0.0293) 2.6646 (0.0272)  2.6505 (0.0288)
ES5 2.8249 2.8449 2.8294 2.8155 2.8384 2.8204 2.8155 2.8384 2.8204
ES6 3.0517 3.0566 3.0517 3.0359 3.0409 3.0358 3.0359 3.0409 3.0358
ES7 3.2555 3.2640 3.2568 3.2393 3.2494 3.2407 3.2392 3.2493 3.2407
ES8 3.3592 3.3643 3.3587 33332 3.3398 3.3329 3.3327 3.3394 3.3324
ES9 3.4802 3.4888 3.4803 3.4688 3.4547 (0.0849) 3.4691 3.4684 3.4548 (0.0856) 3.4687
ESI0  3.5304 (0.0681) 3.4892(0.0765) 3.5200 (0.0768) | 3.4886 (0.0597) 34787 3.4789 (0.0714) | 3.4885 (0.0603) 3.4783 3.4789 (0.0720)
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Dimer, Dimer,

Figure A.8. Constrained optimization in gas phase performed at B3LYP/6-31+G(d,p) level. The
coordinates of the atoms highlighted in red are fixed during the optimization, all the hydrogens atoms
marked in green are free.
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Dimer,

Monomer 1: 0.000 | -0.963

Anisole1: 0.238 1 0.203

PMetoxy1: -0.209 | -0.226
Tetracene1: 0.008 | -0.733

a
mMetoxy1: -0.207 | -0.228 /
mMetoxy2: -0.208 | -0.168

: 0. -0.12
Indene1: 0-1151-0.126 Indene2: 0.17710.419

Tetracene2: 0.007 | 0.687
Anisole2: 0.026 1 0.112

pMetoxy2: -0.207 | -0.180

Monomer 2: 0.000 | 0.963

Dlmerz

Monomer 1: 0.022 1 0.001
Tetracene1: -0.023 | -0.070

Anisole1: 0.036 1 0.034 Indene1: 0.117 1 0.139

( mMetoxy1:-0.203 | -0.184

pMetoxy1: -0.211 1-0.206

Anisole2: 0.036 | 0.034

e
N
——
mMetoxy2: -0.203 | -0.184 ﬁ

)

Indene2: 0.117 1 0.139 > PpMetoxy2: -0.211 1 -0.206

Monomer 2: 0.022 | 0.001 Tetracene2: -0.023 | -0.070

Figure A.9. NBO charge fragments analysis of Dimer; and Dimer structures in ground (black)

and first singlet excited state (red) performed at B3LYP/6-31+G(d,p) and TD-B3LYP/6-31+G(d,p)

level, respectively. The convenient nomenclature shown in the figure recalls the type of fragments

chosen: mMethoxy indicates the Methoxy group in meta position on the Indene, Anisole is the phenyl

substitute that brings the O-CH3 group to the para position (pMethoxy) and Tetracene states for the
four ring-fused backbone.
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A.4 DimethoxyASI, experimental methods and tech-
nical specifications

The absorption spectrum of DimethoxyASI crystals has been recorded using

UV-Vis spectrophotometer by Shimadzu in transmission mode.

Absorbance

200 300 400 500 700 800
Wavelength (nm)

Figure A.10. UV-Vis absorption spectrum recorded in the 200:870 nm range. The black dot trace

is the spectrum recorded as first exploratory step. The blue trace is for medium speed acquisiton

velocity, red trace is for very slow acquisition velocity on the Big spot. The green trace is for medium
speed acquisition velocity, the light green is for very slow acquisition velocity on the Small spot.
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Figure A.11.

Gaussian curve fitting in the 350 - 450 nm region performed on the very slow acquisition

velocity on the Big spot. At the top is reported the difference between the fitting and the UV-Vis
spectrum (solid black - solid red). At the bottom two main gaussian peaks are reported as difference

between the fitting and baseline (solid black - dashed green).
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Figure A.12.

Gaussian curve fitting in the 500 - 650 nm region performed on the very slow acquisition

velocity on the Big spot. At the top is reported the difference between the fitting and the UV-Vis

spectrum (sol

id black - solid red). At the bottom three main gaussian peaks are reported as difference
between the fitting and baseline (solid black - dashed green).
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Spontaneous Raman spectrum (Continous Wave, CW) of DimethoxiASI crys-
tals has been collected using a home-built Raman spectrometer, see A.13. We
passed a 785 nm laser through a 30:70 beam splitter and focused onto the
sample through a 10x Olympus objective lens. The power of the laser at the
sample was 80 mW. The Raman signal has been collected using a Princeton
Instruments 2500i spectrograph and a Princeton Instruments PIXIS 100BX
CCD array.

-

785 nm CW

Laser source ! X ccb
( detector
- . = ¥ ~

10x
Olympus objective .

1. < Filter +
44 N Focusing lens
e -

Figure A.13. Experimental apparatus. Photograph of the optics table of a CW Raman system in
operation.
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Figure A.14. Calibration of the Raman spectrometer by recording the cyclohexane spectrum at RT.
Main peaks are located at 801.3 cm ™! - CC stretching, 1028.3 cm™! - CH, rocking, 1266.4 cm™! -
CH; wagging and 1444.4 cm~! - CH, scissoring.
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Figure A.15. Gaussian curve fitting in the 800 - 900 cm™! region of the spontaneous Raman spectrum.

At the top is reported the difference between the fitting and the Raman spectrum (solid black - solid

red). At the bottom two main gaussian peaks (at 844.03, 866.62 cm™~!) are reported as difference
between the fitting and baseline (solid black - dashed green).
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Figure A.16. Gaussian curve fitting in the 900 - 1000 cm™! region of the spontaneous Raman spec-

trum. At the top is reported the difference between the fitting and the Raman spectrum (solid black -

solid red). At the bottom two main gaussian peaks (at 987.27, 1001.4 cm™!) are reported as difference
between the fitting and baseline (solid black - dashed green).
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Figure A.17. Gaussian curve fitting in the 1100 - 1200 cm™~! region of the spontaneous Raman

spectrum. At the top is reported the difference between the fitting and the Raman spectrum (solid

black - solid red). At the bottom three main gaussian peaks (at 1127.4, 1168.6, 1196.6 cm™!) are
reported as difference between the fitting and baseline (solid black - dashed green).
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Figure A.18. Gaussian curve fitting in the 1300 - 1450 cm™~! region of the spontaneous Raman

spectrum. At the top is reported the difference between the fitting and the Raman spectrum (solid

black - solid red). At the bottom four main gaussian peaks (at 1295.9, 1360.1, 1404.8, 1433.5 cm’l)
are reported as difference between the fitting and baseline (solid black - dashed green).
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Figure A.19. Gaussian curve fitting in the 1500 - 1600 cm~! region of the spontaneous Raman

spectrum. At the top is reported the difference between the fitting and the Raman spectrum (solid

black - solid red). At the bottom three main gaussian peaks (at 1521.3, 1552.8, 1607.2 cm™!) are
reported as difference between the fitting and baseline (solid black - dashed green).
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We collected Femtosecond Stimulated Raman Spectra on a home-built setup
which employed Coherent model Libra-F-1K-HE-110 femtosecond amplifier,
showed in A.20.

Laser Source :Ti:Sapphire,
800 memy, ~ 100 s, | Mz

Automated
Tramdation

A/

\ Grating
\ Fiter

2.1 ps

Figure A.20. Experimental apparatus. Photograph of the optics table of a FSRS system in operation.

The ultrafast Ti:Sapphire laser (4.6 W fundamental output at 800 nm) has

been used to create the three laser pulses required for the experiment:

e 480 mW of the fundamental output generated a 2.1 ps narrowband Ra-
man pump pulse through a home-built grating filter (see A.21).

e the broadband continuum fs-Raman probe has been obtained by pass-
ing a 2.5 mW of the fundamental output through a sapphire crystal (2
mm thick) and a longpass filter (RG830) to be then compressed with a

fused silica prism compressor.

e the actinic pump has been generated through an in-house built non-
collinear parametric amplifier (NOPA).

The actinic pump was tuned to a central wavelength of 587 nm and a
FWHM of 26 nm with a Gaussian spectral shape. A.21

The three pulses have been sent through an Olympus IX 73 microscope fo-
cused non collinearly onto the sample with a 35 mm focal length lens. A
piezoelectric translation stage allowed to vary the time delay between the

actinic pump and Raman pump-probe pair. The cross-correlation of actinic



Appendix A. Appendix 124

Raman Pump Pulse
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Figure A.21. Left panel: Actinic pump pulse (587 nm, FWHM: 26 nm, 264 fs time resolution). Right
panel: Raman pump pulse (803 nm, 2.1 ps)

pump and Raman probe was 244 fs £ 2 as measured by the optical Kerr ef-
fect of cyclohexane (2 mm cuvette). The Princeton Instruments PIXIS 110F
CCD array collected the spectra at kHz repetition rate. A modified version of
Labview software has been used to visualize raw FSR data during the mea-
surements, we collected each spectrum for 20-90 seconds and obtained the
Raman gain by dividing the Raman pump-on spectrum by the Raman pump-

off spectrum.
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