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Summary

The present work of thesis aims at the development of a computational protocol for
simulating and interpreting the ultrafast phenomena occurring upon the interaction
of molecules with light. Nowadays, thanks to the development of high resolution
time resolved spectroscopic techniques we are able to follow photoinduced chemi-
cal reactions on the time scale of nuclear motions, and potentially to reveal their
coupling with electronic density redistribution.

In this context, time resolved vibrational spectroscopies play a key role; indeed
this advanced technique allows for 'watch’ nuclear motions of molecules in real time
upon excitation, revealing at atomistic level the reaction mechanism triggered by
photoexcitation. The resulting experimental spectra are often very complex, and the
disentanglement of the information hidden in the signals is not a simple task. In this
sense, the atomistic picture provided by theoretical-computational approaches can
be an excellent support, not only to establish a direct link between the experimental
signal and the molecular motion producing it, but also to reveal what are actually
the electronic/nuclear motions at the origin of the photoreactivity. However, the
predictive and interpretative ability of a smart theoretical strategy can be exploited
to achieve this challenging goal. On this ground, the present Ph.d project has been
developed.

One of the most widespread example of photoreactivity is given by the excited
state proton transfer reaction (ESPT), which was also deeply investigated by these
advanced time-resolved spectroscopic techniques. Generally, ESPT takes place be-
tween a so-called photoacid molecule, acting as proton donor, and a solvent molecule,
acting as proton acceptor. Within the class of photoacid molecules, Pyranine (8-
hydroxypyrene-1,3,6- trisulfonic acid, HPTS) represents a fascinating and particular
case (see figure la). Pyranine is a commonly used photoacid, showing in water a
pKa value of 7 that drops to 0 upon excitation. Pyranine is also a weak photoacid,
showing a slower ESPT kinetics when compared to other photoacids. Specifically,
in the excited state pyranine donates a proton to a nearby solvent water molecule
with time constants of 3 and 90 ps. Previous studies demonstrated that pyranine
photoacidity cannot be simply interpreted and explained in terms of the electronic
density redistribution responding to the external perturbation. Time resolved vibra-
tional spectroscopy experiments revealed that in the electronic excited state HPTS
chromophore undergoes a transient and sequential activation and decay of low fre-



quency (< 1000 cm™) skeleton modes. This peculiar vibrational activity precedes
and apparently promotes the ESPT reactive event. Indeed, these modes seem to
play a key role in activating the ESPT, although a direct demonstration of this
connection has not been given yet. As first stage of the project, we focused on
the photoreactivity of pyranine in pure water solution. In particular, we analyzed
the vibrational fingerprints of the photoexcited HPTS in a time window of 0-1000
femtoseconds (fs). To this aim, we adopted an integrated computational approach
including ab-initio molecular dynamics (AIMD) to simulate the HPTS in aqueous
solution in both the ground and the excited state. As a key tool of our compu-
tational strategy, we developed and adopted a time resolved vibrational analysis,
based on the wavelet tranform, of the AIMD trajectories. With this approach we
will be able to understand whether the photoinduced nuclear rearrangement of the
chromophore can be considered the actual driving force of the ESPT reaction.

For the simulation of the solute (HPTS)-solvent (water) system an hybrid ex-
plicit /implicit solvation method enforcing non-periodic boundary conditions was
adopted. By this approach, it is possible to retain the specific interactions be-
tween the solute and the solvent and accurately reproduce the solvent dynamics in
proximity of the HPTS molecule. Figure la shows our model. The HPTS solute
is treated at quantum mechanical (QM) level, while the explicit water molecules
are modeled by molecular mechanics. Moreover, in the case of photoactivated nu-
clear motions of pyranine we deal with collective low frequency modes, probably
coupled to the solvent. In this context, the choice of explicit treatment of the sol-
vent, effect around the pyranine solute is mandatory. The nuclear photorelaxation
of pyranine is finely controlled by the sequential activation of transient vibrational
modes. Starting from the photoexcitation, the time window of 1 ps is a suitable
time to watch the low frequency modes lifetime. All the modes have a quite com-
plex composition, involving all the molecular skeleton. The wavelet maps reproduce
the sequential activation of the main vibrational modes, in fair agreement with the
experimental findings. The method employed is able to provide an accurate picture
about the time evolution of the photoactivated vibrational modes, matching in all
cases the kinetics time constants of the experimental signals. Moreover, they have
the key role of optimizing the structural arrangement with the hydrogen bonded
water molecule. In particular, some low frequency modes such as the ring breathing
mode (190 cm™), ring out of plane wagging (108 cm™) or the ring deformation mode
(280 cm™) are involved in modulation of intermolecular distances and orientation
with the water solvent molecule hydrogen bonded to phenolic group of pyranine.
A rational analysis of the structural parameters involved in ESPT reaction in both
ground and excited state, revealed that the hydrogen bond distance between pyra-
nine and the water molecule is optimized in excited state, resulting in a stronger
hydrogen bond between the proton-donor acceptor couple. Moreover, the excitation
induces the arrangement of the heavy atoms involved in ESPT reaction to oscillate
around planarity values, as expressed by the time behavior of two key dihedral angles



(CCOH,,, and CCO,,-O,).

HPTS chromophore is very sensitive to the environment, and if a base like acetate
is present in water solution the reaction became faster (sub-ps). Depending on the
acetate concentration, different ESPT mechanisms can be modelled, in particular a
direct ESPT reaction from pyranine to acetate is promoted at high concentration
of acetate base. Otherwise, one or more intervening water molecules can directly
modulate the proton hop from pyranine to acetate. The ESPT reaction involv-
ing both pyranine-acetate and pyranine-water-acetate cluster surrounded by several
water shells was investigated.

Five excited state trajectory for simulate the direct ESPT reaction from pyranine
to acetate have been collected, employing the same QM /MM recipe (see figure 1b).
The excited state proton transfer reaction occurs in sub-ps time scale and it strictly
depends on the choice of the starting point. In particular, the solvation around the
phenolic oxygen of pyranine and relative orientation of pyranine-acetate are the two
factors identified as crucial to accelerate the ESPT reaction.

The excited state proton transfer reaction involving the pyranine-water-acetate
cluster is an intermediate situation between pyranine in pure water and pyranine-
acetate. In the first case, before the ESPT event the sequential activation of low
frequencies vibrational modes is necessary to induce a structural optimization be-
tween the proton donor-acceptor pair. On the other hand for the pyranine-acetate
system the reaction is basically barrierless and the nuclear rearrangement is not
required. The presence of acetate, for the pyranine-water-acetate cluster, obviously
makes the ESPT faster, but the central water suggests that low frequencies skeleton
modes have to optimize as well the structural arrangement of the reactive site. Ring
breathing and out of plane wagging modes have been identified and recognized again
as a key modes coupled to the motion of hydrogen bonded water molecule.

The time resolved analysis was extended and tested to study the anharmonic
coupling between vibrational modes. In general, a time resolved vibrational signal
can have characteristic intensity and frequency oscillations over the time. These
oscillations can be ruled and modulated by low frequency vibrational modes. The
time behavior of a vibrational signal provides indication about the interactions be-
tween normal modes. The case study is represented by a diarylethenes photochromic
molecule (see figure 1d), that in excited state undergoes an opening ring reaction.
The characteristic intensity oscillations of some vibrational signals appear clearly in
the wavelet maps. This suggests an anharmonic coupling with some low frequency
modes. In particular, our findings support the idea that the coupling between high
and low frequency modes localized on the central cyclohexadiene ring would promote
the opening reaction.



Fig. 1: a) HPTS (or pyranine) chromophore in water solution. The solute (pyranine or HPTS) is
treated at quantum mechanical level (ball and stick graphical representation), while the remaining
explicit solvent molecules are modeled by molecular mechanics (stick graphical representation). b)
pyranine-acetate cluster in water solution. The QM region is composed by pyranine and acetate.
¢) pyranine-water-acetate cluster in water solution. The QM region includes in addition a solvent
water molecule. d) Structure of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluoro-cyclopentene, a
popular diarylethene showing photochromic properties.
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Introduction

The interaction with light can dramatically affect the well-known ground state reac-
tivity of molecules, resulting in an unexpected and almost new photoinduced chem-
istry [1-8]. That’s one of the reasons why the photochemistry is, nowadays, one of
the most fascinating and promising research field in chemistry.

Following the photoexcitation, a chromophore lies on higher electronic potential
energy surface and it may undergo different pathways. A popular picture of the
possible photophysical processes is presented in Figure 2, starting from the absorp-
tion of radiation until a de-excitation makes the chromophore drop down to the
ground state throughout a radiation or radiationless decay. Indeed, once photoex-
cited, a chromophore can relax toward the minimum energy structure on excited
state surface, or it can react with other photoexcited molecules. Moreover, crossings
between electronic surfaces may take place giving rise to the so-called non-adiabatic
reactivity [9-11]. A photochemical process can be considered as the result of the
electronic and nuclear dynamics responding to the external perturbation, i.e. the
photoirradiation with light. These far-for equilibrium dynamics occur on different

time scales: the electronic redistribution happens on attoseconds time scales [12—14]
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and the subsequent nuclear rearrangement requires instead picoseconds (ps) scales.

Following in real time the photoinduced nuclear dynamics is definitely funda-
mental to rationalize the structural driving forces at the origin of photoreactivity.
Among the approaches turned suitable to this challenge purpose, we mention: the
non-linear vibrational spectroscopy techniques [15-17] and the ab-initio molecular
dynamic (AIMD) methods [18-20]. The advent of ultrafast pulsed laser techniques
has given a new point of view on the photochemistry. In particular, the time re-
solved vibrational spectroscopies, like the Femtosecond Stimulated Raman Spec-
troscopy (FSRS) [21-25], allow to watch the time evolution of the vibrational modes
upon excitation. FSRS was crucial to elucidate the mechanism of photochemical
reaction involving chromophore even in complex environment, such as the excited
proton transfer reaction (ESPT) of the green fluorescent protein [26-30]. Moreover,
the analysis of the oscillating behavior of the time resolved vibrational bands is of-
ten performed to unveil the coupling between modes [31]. Otherwise quantitative
measure of correlations between vibrational modes can be available by means of
the 2-dimentional infrared spectroscopy (2D-IR) experiments [32-35], another non-
linear spectroscopic technique providing structural insights such as anharmonicities
and coupling between the normal modes.

On the other hand, the interpretative and predictive skills of a smart theoretical-
computational protocol based on AIMD are essential to fulfill information that are

not accessible to the experiment. By means of AIMD methods the atomistic pic-
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Fig. 2: Schematic representation of the common photophysical processes occruring on excited
potential energy surfaces, from [1].

ture is never lost and the molecular response to the photoexcitation is monitored in
real time [36-39]. Nevertheless, AIMD has to be combined with a rational vibra-
tional analysis having the ability to keep the temporal information contained in the
collected trajectories.

On this ground, the target of this thesis is to provide an integrated theoretical-
computational procedure to study the nuclear dynamics of photoexcited chromophores
in their realistic environment. The method employed is essentially based on ex-
cited state AIMD together with a time resolved vibrational analysis. The molecular
systems under investigation relax on excited state potential energy surface (PES),
defined on-the-fly by means of an ab-initio electronic potential, which is obtained at
time dependent density functional theory (TD-DFT) [40-42] level of theory.

The molecular response to the photoexcitation is carried out by the evolution

of the vibrational modes. The standard method to solve the vibrational problem,
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based on the diagonalization of the hessian matrix, is not suitable in combination
with dynamics simulations. Indeed, it is difficult to be used on large system (like
chromophores in solution) and the frequencies generally obtained in the harmonic
approximation, even on the excited state equilibrium geometry, do not report about
the transient nature of the normal modes. We propose a vibrational analysis com-
pletely based on the so-called generalized vibrational modes extracted from dynam-
ics [43,44]. The method basically involves the analysis of the velocities fluctuations
collected in the ground and excited state trajectories. It can be easily applied to
large molecular system also when the molecular system is separated according to a
quantum mechanics (QM)/ molecular mechanics (MM) hybrid scheme [45, 46].
Because of the transient nature of the vibrational processes triggered by the pho-
toexcitation the computational procedure needs a time resolved analysis tool. To
address this issue a multiresolution vibrational analysis based on the Wavelet Tran-
form (WT) [47] was adopted. So far WT has found few but successful applications
in chemistry. In partcular, Wavelet Tranform was already employed in combination
with AIMD simulations to disentagle the evolution of a simulated Stokes Shift [48]
or the dipole moment in exciton dynamics [49], and to analyze the evolution of struc-
tural parameters in the frequency domain. The simulated vibrational signals can be
be plotted in 2-dimention maps where the time and frequency information are both
reteined. Following this procedure, a direct comparison with the experimental time

resolved signals is therefore possible.
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As a first case study to test the developed methodology, the pyranine molecule (8-
hydroxypyrene-1,3,6-trisulfonic acid, HPTS) was chosen [50,51]. HPTS is a popular
photoacid chromophore, that found many applications as pH probe and fluorescent
tag [52-54] . This kind of molecules upon excitation increases hugely acidity and an
ESPT reaction takes place. More closely, pyranine has a pka of 7 in electronic ground
state that drops to 0 in excited state, and in water solution where a solvent molecule
acts as proton acceptor, the ESPT reaction occurs in 3 and 90 picoseconds [55,56].
Pyranine is usually identified as weak photoacid [57] because of the comparison
with other photoacids molecules, which show ESPT kinetics on sub-ps time scales.
Experimental studies revealed how in excited state a sequential activation of low
frequencies skeleton modes take place [58-60] . It was hypothesized that they could
be essential in promoting the ESPT reaction toward a water solvent molecule.

The second chapter will focus on the transient vibrational features of photoex-
cited pyranine in pure water. In our model, pyranine chromophore is surrounded by
several water shells treated explicitly. It will be shown how a characteristic activa-
tion of low frequencies modes can induce structural optimization, involving both the
chromophore skeleton and the water of the firs solvation shell, promoting the ESPT
reaction. Pyranine chromophore is very sensitive to the environment, and if a base
like acetate is present in water solution the reaction became faster (sub-ps) [61]. This
will be the subject of the chapter three, where the ESPT reaction between pyranine

and acetate is considered. Depending on the acetate concentration, different ESPT
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mechanisms can be modelled, in particular a direct ESPT reaction from pyranine to
acetate is promoted at high concentration of acetate base. Otherwise, one or more
intervening water molecules can directly modulate the proton hop from pyranine to
acetate. The ESPT reaction involving both pyranine-acetate and pyranine-water-
acetate cluster surrounded by several water shells will be discussed in chapter three.
It will be interesting to observe how pyranine vibrational features change when the
ESPT reaction become ultrafast.

In last chapter, the time resolved analysis will be extended and tested to study
the anharmonic coupling between vibrational modes. In general, a time resolved vi-
brational signal can have characteristic intensity and frequency oscillations over the
time. These oscillations can be ruled and modulated by low frequency vibrational
modes. The time behavior of a vibrational signal provides indication about the in-
teractions between normal modes. The case study is represented by a diarylethenes
photochromic molecule [62,63], that in excited state undergo an opening ring re-
action. The characteristic intensity oscillations of some vibrational signals appear
clearly in the wavelet maps. This suggests an anharmonic coupling with some low
frequency modes. It will be discussed how the coupling can promote the open ring re-
action. The diarylethenes reactivity is unfortunately recognized to be non-adiabatic
and controlled by a crossing between electronic energy surfaces [64]. TD-DFT is
not able to provide a complete picture of the whole open ring reaction. The first

part of the work was therefore aimed at defining the PES regions, in which the
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non-adiabatic coupling is low and the Born-Oppenheimer (BO) approximation still
holds. Here, a TD-DFT based dynamics sampling is allowed and employed. For the
sake of completeness, a study on a diarylethenes model system, has been conducted
with a post Hartree-Fock electronic method [65,66], in order to characterize the
non-adiabatic crossing point between the electronic states.

The next chapter contains the methodological development about the extraction
of generalized vibrational modes from dynamics and the wavelet transform based
analysis, together with the computational details of the ground and excited state

ab-initio dynamics and the hybrid model adopted.



Chapter 1

Trick of the trade: Methods and
Models

1.1 Ab-initio molecular dynamics (AIMD)

The molecular dynamics simulations allow for reproducing the behavior of complex
chemical and biological system, under equilibrium and far-for equilibrium condi-
tions [67-70]. Understanding the mechanism underling a specific chemical process
at molecular level would lead to predict the behavior, driving the experimental
and applications studies. The big issue at the heart of any molecular dynamics
approach is how to describe the interatomic interactions. The classical molecular
dynamics are extremely fast, even when large system like proteins, nucleic acids and
molecules in solution are treated. The potential energy ruling the dynamics is usu-
ally decomposed in terms of parametrized functions [71-74], accounting for bonded
interactions, electrostatic and Van der Waals interactions etc. The potential energy
based on parametrized force field are unable to describe processes involving bond

braking and formation.



CHAPTER 1. TRICK OF THE TRADE: METHODS AND MODELS

On the other hand, the advent of the ab-initio molecular dynamics was a rev-
olution in the field of computer simulations. Indeed, AIMD combines the accurate
ab initio electronic structure theory with the classical molecular dynamics scheme.
Within the validity of the Born-Oppenheimer (BO) approximation, the nuclear and
electronic degrees of freedom are separated. The basic idea of the ab-initio dynamics
scheme relies on the classical simulation of the nuclear motion. The nuclear degrees
of freedom are propagated according to the Newton equation of motion. The en-
ergies and the forces acting on the nuclei are computed from electronic structure
calculation performed on-the-fly at every step of the dynamics trajectory [75,76].

For solving the electronic structure problem the most used approach are repre-
sented by the Kohn-Sham density functional theory [77-79] and the post Hartree-
Fock methods [65,66].

The Born-Oppenheimer, Ehrenfest and Car-Parrinello approaches belong to fam-
ily of ab-initio molecular dynamics methods.

The Ehrenfest dynamics [80-82] involves to solve the time dependent Schrodinger
equation on-the-fly as the nuclear trajectory is propagated according to the classical
mechanics. Moreover, Ehrenfest approach accounts for non-adiabatic effects and it
allows therefore for investigate reactions, involving non-adiabatic process, i.e. mul-
tiple potential energy surfaces.

The BO approach [48,83-85] is based on the assumption that a single surface

rules the dynamics. Energies, gradients and molecular properties are computed on-



CHAPTER 1. TRICK OF THE TRADE: METHODS AND MODELS

the-fly solving the time independent, stationary Schrodinger equation at every step
of the nuclei classical propagation. The BO dynamics is less demanding that the
Ehrenfest approach, allows for simulate reactions happening on longer time scale
(ps).

To overcome the problem of the computational expenses due to the calculation
of electronic structure at each step of the molecular dynamics trajectories, the CP
approach was developed. In the framework of an extended lagrangian formalism, the
electrons are considered as active degrees of freedom propagated as classical particles,
with the inclusion of suitable constrains. The CP idea had a huge impact on the field
of ab-initio dynamics simulation and it inspired generation of scientists [86-89]. An
alternative formalism to the CP is represented by the Atom centered density matrix
propagation (ADMP) method. ADMP [90-94] employs atom centered Gaussian
basis sets and the single particle density matrix within the extended lagrangian
formalism, in place of the plane-wave basis sets chosen as dynamics variables in the
CP algorithm.

This family of molecular dynamics methods was widely validated and employed
to the study of molecular system in their ground electronic state. Nowadays, many
efforts are devoted to found the best dynamics scheme to investigate the electronic
excited state.

In this work of thesis, we propose a recipe based on BO dynamics scheme to col-

lect the excited state trajectories, in combination with the time dependent version

10
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of DFT (TDDFT) in linear response formalism [95-97], for solving the electronic
structure problem. According to the linear response theory, the excited state wave-
function is not explicitly computed. The energies and the properties of the excited
state are obtained by means of the ground reference state to a time dependent per-
turbation. TD-DFT was remarkably successful at providing an understanding of
molecular excited state, with an acceptable computational cost.

In conclusion, for the simulation of the molecules under investigation in their
realistic environment the BO/TDDFT dynamics scheme is combined with an hybrid

quantum mechanics (QM)/ molecular mechanics (MM) scheme.

1.2 Vibrational Problem from AIMD

The vibrational analysis here employed is a method for obtaining generalized vibra-
tional modes (or quasi-normal or quasi-harmonic) from fluctuations calculated by
an AIMD QM/MM simulation [43,98,99].

The underling idea is that atomic fluctuations, can be related to an effective force
constant matrix relative to the average dynamics structure, from which vibrational
modes can be extracted [100,101]. The effective force constant matrix and the fluc-
tuations matrix are inversely proportional, so that they share the same eigenvectors,
i.e. the quasi-harmonic vibrational modes. Moreover, these modes can be different
from the standard normal modes, because the anharmonicity effects are naturally
taken into account. It is so not required the computation of force constant matrix,

but it is sufficient to diagonalize the mass weighted fluctuation matrix to obtain

11
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modes and frequency.

A similar analysis can be carried out in momenta subspace [44,102,103] instead
of the configuration space. It has been shown that normal mode directions obtained
from velocities and coordinate fluctuations are very similar. The assumption is
that at any temperature, the 3N generalized modes () correspond to uncorrelated
momenta, and can be obtained by diagonalizing the K matrix of the mass weighted

atomic velocities ¢ with elements:

r ..
K;; = B < qiq; > (1.1)
where ¢ and j run over the 3N atomic coordinates and < .. > indicates an

average over the time. Modes velocities can be therefore calculated by projecting

atomic velocities along normal-like directions:

Q(t) = LT4(t) (1.2)

Finally, the fourier transform (FT) of the () time correlation functions provides

the associated frequencies:

Pw) = /dtei“t < Ql(t)Qj(t) > (1.3)

So far we described what is usually done for an equilibrium analysis. Actually,
the aim is investigate far from equilibrium events, specifically the transient vibra-

tional signals appearing upon electronic excitation. We assume that, at least in the

12
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ultrafast part, the L matrix is an acceptable approximation of the vibrational modes
composition. Therefore, once the photorelaxation process has been simulated by ex-
cited state (ES) trajectories, evolution in the time of Q) ps modes are obtained from

extracted mass weighted atomic velocities ¢gg, according to the transformation

Qus(t) = Lirs(t) (1.4)

In order to obtain the vibrational frequency values along the time, we adopted
a multiresolution vibrational analysis based on the Wavelet Transform (WT) [104].
Here, for the first time, we use WT to obtain transient vibrational signals corre-
sponding to the Q gs(t) modes extracted from AIMD. We adopt the continuous WT

expression

W(a,b) = / Qps(t)thus(0)dt (15)

The time dependent signal Qpgg(t) is analyzed and decomposed in terms of

wavelet basis 1, 5. The details of the wavelet transform are given in next section.
1.3 Time resolved analysis: Wavelet Transform

The Fourier transform performed on a time dependent signal can be seen as a signal
decomposition in terms of sine and cosine functions. On the other hand, according
to the wavelet transform [47, 104-106], the time dependent signal is decomposed

into a set of another kind of basis functions, the wavelets. Recalling the previous

13
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equation:

W)= [ COvaa (16)

where C(t) is a generic time dependent function and 1, are the wavelet basis
obtained from a prototype wavelet (called mother wavelet) from dilatation, contrac-
tion and translation. As mother wavelet we used the Morlet wavelet, having the

form:

W(t) = i 0le™ s (1.7)

It is basically a plane wave modulated by a gaussian function and wy is the nondi-
mensional frequency, usually taken to be 6 to satisfy the admissibility condition. In
figure 1.1, the Morlet wavelet together with the dilated and translated wavelet are
shown. The scale parameter a, proportional to the inverse of frequency, regulates
the dilatation and contraction of the mother wavelet and extracts the different fre-
quencies hidden in the time-dependent signal. While the translation of the wavelet
basis, ruled by the b parameter, ensure the localization of the frequencies in time
domain.

The application of the wavelet transform to chemical problem, in particular to
far-for equilibrium [48,49, 107, 108] process is an appealing choice. The far-for equi-
librium process, such as the nuclear response to the photoexcitation, are typically

transient events, having a lifetime. The far-for equilibrium events give rise to non-

14
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Fig. 1.1: Morlet mother wavelet, with dilated wavelet version.

stationary signals. A non-stationary signal may appear only in a short time interval.
Using the F'T, this local information is separated into a large number of bases and
these signals are averaged over the whole time domain. The FT is not an appro-
priate tool for the time analysis of the non-stationary signals. The analysis of non-
stationary time series should be done localizing the signals in both frequency and
time domain. The Short Time Fourier Transform (STFT) [109] could be, in prin-
ciple, used to this aim. Nevertheless, the STFT employs a time-frequency window,
having a fixed width. A time dependent signal can oscillating according to high and
low frequencies. The low frequency oscillations should be analyzed by a wide time
window, while the high frequency oscillations require a narrow time window. STFT,
using a window with fixed width, could be unable to simultaneously detect the high
and low frequency of a complex time dependent signal. On the other hand, the WT
is characterized by a no-fixed time-frequency window. The time dependent signal,

instead, is decomposed into components with different scales [109,110]. The flexible

15
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time window allows for a simultaneous analysis of the high and low frequencies oscil-
lation, with an acceptable resolution. Thanks to wavelet transform, a complex time
dependent signal, even of non-stationary nature can be analyzed and decomposed to
obtain the corresponding frequencies. The frequencies are resolved in time, so that
it is possible to recognize when the frequency rises and decays. The application to
the vibrational modes of photoexcied pyranine, allows us to follow and watch the

lifetime of the vibrational modes.

16



Chapter 2

Following in real time nuclear
photorelaxation: pyranine
photoacid in aqueous solution

2.1 Introduction to photoacids class: pyranine case

The excited state proton transfer reaction (ESPT) is one of the most widespread ex-
ample of photoreactivity [111-113]. The absorption of radiation can hugely increase
the acidity of particular molecules, called photoacid, which dissociate at the excited
state transferring a proton to a nearby solvent molecule or to a strong base present
in solution. The understanding of the intermolecular ESPT reaction requires the in-
vestigation of several elementary steps composing the overall process. The ultrafast
electronic redistribution upon the photoexcitation, the nuclear relaxation, the hy-
drogen bonds rearrangement and the solvation dynamics finely control the kinetics
and thermodynamics of the ESPT event [114,115]. Despite the detailed information
provided by the advanced spectroscopic [116-118] techniques, the understanding of

the ESPT reactivity at molecular level remains difficult to extrapolated, especially

17
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at the fast and the ultrafast timescale. As a matter of fact, the kinetics of the ESPT
toward a solvent molecule covers a wide range of timescales, going from femto- to
nanoseconds. Beneath different kinetics there are, of course, different ESPT mech-
anisms. A classification of the photoacid molecules into four regimes, according to
their pKa* values and ESPT rate, was recently proposed [57]. When going from
regime [ to regime IV the strength of the photoacid and the ESPT increase, while
the pKa* value diminishes.

The 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS or pyranine) is a widely used pho-
toacid [119,120], that found many applications as pH probe and fluorescent tag even
in complex biological matrix. Pyranine is usually classified as weak photoacid and
it belongs therefore to the first regime. In water, it has a pKa of 7 that drops
to 0 upon excitation. Pyranine has a slower ESPT kinetic, compared with other
photoacid molecules where the ESPT happens in sub-ps time scales [121,122].

Specifically, in the excited state pyranine donates a proton to a nearby solvent
water molecule with time constants of 3 and 90 ps. Moreover, the photoinduced
behavior of HPTS chromophore is very sensitive to change of the environment. In
particular, the ESPT reaction is absent when for example methanol is used as solvent
[123]. On the other hand, if a base, like acetate, is present in water solution the
ESPT kinetic becomes faster (sub-ps time scale) [61]. Acetic acid has a dissociation
constant, pKa of 4.76 in the middle of the pKa value of pyranine in ground (pKa 7)

and excited state (pKa* 0). At the ground state a spontaneous proton transfer from
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pyranine to acetate does not occur, while the electronic excitation should promote
a barrierless proton transfer reaction toward acetate.

Pyranine was the subject of several spectroscopic studies, aiming at elucidate
the electronic and nuclear mechanisms driving its photoreactivity. In particular,
Femtosecond stimulated Raman Spectroscopy [58,61,123,124] was employed to in-
vestigate the mechanism of pyranine ESPT in different environmental conditions.
The time resolved FSRS spectra in water revealed that in the excited state HPTS
chromophore undergoes a transient and sequential activation and decay of low fre-
quency (< 1200) skeleton modes. This peculiar vibrational activity precedes and
accompanies the ESPT reactive event, indeed, these modes seem to play a key role
in activating and promoting the ESPT.

In this chapter we deal with the nuclear relaxation of photoexcited pyranine
in water solution, in particular the time resolved vibrational procedure, based on
generalized modes extracted from dynamics and wavelet transform, will be adopted
to simulate and interpret the vibrational fingerprint of pyranine in water.

For the simulation of the solute(HPTS)-solvent(water) system, an explicit/implicit
solvation method was employed [125-127]. This approach allows to retain the spe-
cific interactions between the solute and the solvent and accurately reproduce the
solvent dynamics in proximity of the HPTS molecule. Moreover, many of the vibra-
tional modes of interest have a collective nature involving all the four ring aromatic

system and they are probably coupled to the solvent molecules directly bound to
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phenolic group of pyranine. Modes extracted from dynamics come from the sam-

pling of the molecule in its realistic environment, so these modes naturally take into

account of the coupling with solvent explicitelly treated.

The photoacidity weakness of the pyranine can be explain supposing that the

electronic re-arrangement over the HPTS chromophore is unable alone to provide the

conditions for proton transferring to a water solvent. The nuclear motions respond-

ing to the new electronic arrangement has to be considered essential to promote

the ESPT reaction. In the nest sections, we will see how the composition and the

sequential activation of the characteristic HPTS low frequency skeleton modes trig-

ger a structural optimization with the solvent water molecules (proton acceptor)

hydrogen bound to phenolic group of pyranine (proton donor).

2.2 Ground state equilibrium sampling

In order to take into account solvent effects on the photorelaxation of the pyranine

chromophore, we adopted an hybrid explicit/implicit solvent scheme within non

periodic boundary conditions (NPBC). [125-127] The explicit description of the

water solvent molecules is indeed necessary to account for solute-solvent specific

interactions, especially those involving the polar (phenolic) and charged (sulfonic)

groups of pyranine. Moreover, it has been hypothesized that some low frequencies

skeleton modes of photoexcited pyranine play a key role in promoting the excited

state proton transfer reaction toward the water molecule that is hydrogen bonded

to the phenolic acid group of pyranine. Therefore, the explicit description allows for
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the analysis of pyranine vibrational modes that are naturally coupled to the water

molecule motions (vide infra).

We start our analysis with the characterization of the solvent microsolvation

around the acid group of the pyranine solute, at equilibrium in the ground state. In

Figure 2.1 radial distribution functions (RDFs) of the pyranine acid oxygen-water

oxygen (O,,,-O,) and the pyranine acid hydrogen-water oxygen (H,,,-O,,) distances

are reported, respectively. In both the cases a well defined peak, corresponding to

the first solvation shell around the phenolic acid group, is recognizable. Peaks are

centered at around 1.7 and 2.5 A for H,,-O, and O,,,-O, RDFs, respectively,

according to the typical hydrogen bond distances. The first peak is limited by a

pronounced minimum in both the RDFs, reaching a zero value for the (H,,,-O,)

RDF. This is a clear indication that there is no exchange of water molecules from and

toward the first solvation shell during the sampling period (10 ps). It is noteworthy

that the integration number of this peak (black dashed line in Figure 2.1) indicates

that one water molecule is hydrogen bonded to the pyranine acid group during the

simulation time.

In Figure 2.1 we report the time evolution of the main hydrogen bond struc-

tural parameters between the phenolic O-H group of pyranine and the H-bonded

water molecule, namely the intermolecular distances Hp,,-O,,, Hy,-O,, and the in-

termolecular angle H,,,-O,,,-O,,. Intermolecular H,,-O,, and O,,,-O,, distances

oscillate around 1.7 and 2.4 A values, while the H,pyr-Opyr-Oy, which reports about
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Fig. 2.1: a) Hp,,-O, (black) and O,,,-O,, (red) radial distribution functions b) the pyranine
chromophore surrounded by water molecules ¢) Ground state time evolution of H,,-O,, (blue)

and Opy,-O, (red) intermolecular distances. d) Ground state time evolution of Hpyr-Opyr-Oy
angle (grey, the dark line indicates average values over the time).
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the orientation of the hydrogen bond, also assumes small values, below 300. A strong

hydrogen bond between pyranine and water is therefore retained during the whole

simulation time.

The resulting solvation layout represents the equilibrium conditions in ground

state. A representative configuration of this equilibrium was chosen as starting point

for the simulation in the excited state.

2.3 Photoexcited pyranine features

The S; excited state of pyranine is obtained from Sy by a single HOMO-LUMO

excitation, with m-7* character. Contours of the involved frontier orbitals are shown

in Figure 2.2, as obtained by a TD-DFT calculation on the ground state energy

minimum of the HPTS molecule, including solvent effects in implicit way according

the polarizable continuum model in its conductor-like version.

From a simple inspection of HOMO and LUMO contours, we note that the

charge transfer character of the transition is low, also in proximity of the acid group.

That means, the depletion of electronic density on the acid group associated to the

electronic transition is not able alone to induce an immediate dissociation of the

proton, as it can be expected from the weak photoacidity of pyranine. Instead, upon

the excitation an electronic redistribution occurs over the whole nuclear skeleton,

involving an exchange of alternating bond order among C-C bonds. In particular,

the overall reorganization mainly corresponds to the 7 electronic density depletion

on C-C bonds aligned with the red arrows shown in Figure 2.2, while the 7 electronic

23



CHAPTER 2. FOLLOWING IN REAL TIME NUCLEAR PHOTORELAXATION: PYRANINE
PHOTOACID IN AQUEOUS SOLUTION

density on C-C bonds that are almost perpendicular to the red arrows increases when

going from the ground to excited state.

Therefore, we can expect a C-C elongation (lowering of the bond order) and a C-

C shortening (increasing of the bond order) in the first and second case, respectively,

when going from the ground to excited state. Overall, the excitation leads to the

lengthening of the whole molecule along the axis approximately aligned with OH

bond.

We investigated the photoinduced relaxation of the pyranine rings by comparing

the evolution in Sy and S; of the same initial configuration (coordinates and mo-

menta) for about 1 ps. We then analyzed the time relaxation of C-C bonds in the

excited state in the frequency domain by means of the wavelet analysis.

In Table 2.1 we report average values of C-C distances calculated from AIMD

trajectories in the ground and the excited state. As expected, upon the excitation

we observe elongation of up to 0.04 A for C-C bonds 1, 3, 5, 6, 8 and 10, and a

shortening of about 0.02 A for the remaining ones.

As an example, in Figures 2.3a and 2.3¢ we show the time evolution in both

the ground and the excited state of 1 and 2 C-C distances, which in the excited

state become longer and shorter respectively. We can recognize how the C-C 1

distance in the excited state oscillates around greater values when compared to

the corresponding evolution in the ground state. An opposite behavior is instead
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Fig. 2.2: a) HOMO-LUMO contours of pyranine computed at B3LYP/6-31g(d,p)/C-PCM level
of theory. b) Labels used to tag C-C bonds analyzed in the present work.

C-C bond Sy average distance S; average distance

1 1.41 1.44
2 1.43 1.41
3 1.36 1.40
4 1.44 1.42
5 1.42 1.45
6 1.42 1.44
7 1.44 1.42
8 1.36 1.39
9 1.44 1.42
10 1.41 1.44

Table 2.1: Average C-C distances (A) obtained from AIMD simulations of pyranine in aqueous
solution in the ground and the first singlet excited state. Standard deviations are 0.02 A and
0.03 A for Sy and S; trajectories, respectively. See Figure 4.2 for the numbering of C-C bonds.
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Fig. 2.3: a) Ground (blue) and excited (red) state time evolution of the C-C 1 distance. b) 2D
wavelet map of the C-C 1 distance in excited state. ¢) Ground (blue) and excited (red) state time
evolution of the C-C 2 distance. d) 2D wavelet map of the C-C 2 distance in excited state.

observed for the C-C 2 distance.

Time resolved vibrational analysis in the excited state of C-C bonds 1 and 2 have
been perfomed by computing corresponding wavelet spectra, which are reported as
time-frequency 2-dimentional maps in Figures 2.3b and 2.3d, respectively.

From inspection of Figure 2.3 several interesting features of the pyranine photoin-
duced vibrational dynamics can be inferred. In the ultrafast part of the relaxation,
namely for times below 100 fs after the excitation, signals associated to the C-C

distances 1 and 2 are centered around 1500 and 1200 cm ™! respectively, i.e. around
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values close to those adopted in the ground state. Then, clear blue and red shifts

are observed in the two cases, testifying an exchange of force constants associated to

the two bonds. Notably, the overall relaxation toward values adopted in the excited

state takes about 500 fs to complete. This time is in nice agreement with what ob-

served by FSRS experiments, indicating about 600 fs as the time necessary to carry

out most of the pyranine relaxation on the excited potential energy surface. [58,124]

Another important observation regards the evolution of the intensity of both

signals. Indeed, the vibrational dynamics shows a clear oscillatory behaviour. In

particular, periods between intensity maxima strongly suggest that the pyranine

skeleton relaxation is modulated by low frequency modes (below 200 cm™1), possibly

collective ring modes, which accompany the electronic redistribution of the molecule,

and the consequent rearrangement of forces among nuclei.

Moreover, the C-C 1 and 2 vibrational bands are almost out of phase, indicating

that rearrangement of forces in bonds with alternating order are anticorrelated in

the time. A similar oscillatory and out of phase trend has been already experi-

mentally observed in the photorelaxation of C-O and C-N stretching modes of the

Green Fluorescent Protein chromophore. [26] Therefore, our results also suggest that

the anticorrelated relaxation modulated by collective low frequency modes could be

a common motif in photoinduced vibrational dynamics of aromatic or conjugate

systems.
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2.4 Vibrational fingerprint of pyranine

The pyranine ESPT reaction involves the motion of the proton from the photoacid
molecule to a solvent molecule of the first solvation shell, and from here to the
bulk through the diffusion process along hydrogen bond networks. The first and
essential step, even before the proton hopping, is the formation of a tight proton
donor-acceptor couple, i.e. the photoexcited pyranine and an hydrogen bonded water
molecule.

Upon excitation, the pyranine molecule undergoes a remarkable vibrational dy-
namics. FSRS results highlighted a characteristic and transient Raman activity in
the excited state, associated to the sequential activation of low frequency vibra-
tional modes. Several efforts have been made in order to individuate, among the
complex sequence of activation/decay of vibrational signals, possible driving forces
for the pyranine photoacidity. It has been hypothesized that low frequencies skele-
ton modes of photoexcited pyranine play a key role in promoting the excited state
proton transfer reaction toward the water molecule hydrogen bonded to the phenolic
acid group.

Here, we analyzed the structural rearrangement involving the pyranine and the
water molecule hydrogen bonded to the acid O-H group. Moreover, we individu-
ated the generalized normal modes that are mainly involved in the pyranine-water
relaxation, and analyzed their vibrational dynamics in the excited state.

As already mentioned in models and methods section the modes composition is
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obtained by the equilibrium sampling, according to equation 1.2 and they are shwon

in figure 2.4 and 2.5. The time dependent signal that account for the vibrational

photorelaxation on which the wavelet transform is performed, is instead obtained

from equation 1.4. The left colum of figure 2.4 and 2.5 depict the corresponding

2D wavelet maps.

The three vibrational modes shown in figure 2.4, have a collective nature, in-

volving the motion of the whole four ring aromatic system. In particular, the mode

associated to the frequency of 900 cm™ is an in plane ring deformation with a strong

hydrogen out of plane component (see figure 2.4). In figure 2.4 b is depicted the 310

cm™ mode, which it’s again an in plane ring deformation, but it’s also composed by

a phenolic -COH rocking component. Lastly, the lowest frequency mode (figure 2.4

c) is described as a symmetric skeletal breathing mode, experimentally found at 191

-1

cm™. This is an in plane collective mode engaging all the 4-aromatic rings. The

breathing mode basically entails the lengthening of the whole molecule, pushing the

phenolic acid group toward the proton acceptor, i.e. the hydrogen bonded water

molecule.

The wavelet maps, obtained according to equation 1.4, are plotted in a frequen-

cies ranges of 0-1800 cm™ and 0-1400 cm™, respectively for the 900 and 310 cm™

modes and for 191 em™ mode, because at higher frequencies there are not signals of

considerable intensity.

The deformation mode at 900 cm™
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Fig. 2.4: @ modes (right panels) and corresponding 2D wavelet power spectra (left panels). a)
Ring deformation mode combined with hydrogens out of plane motion, with an AIMD frequency
of 900 cm™; b) Ring deformation modes associated to a strong -COH phenolic rocking, the AIMD

frequency is 310 cm™;
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excitation, at about 100 fs and the wavelet spectrum shows a decay at the time of

600 fs. This behaviour is in perfect agreement with the experimental evidences of

kinetics costants of 140 fs (rise) and 600 fs (decay) [58].

The wavelet spectrum of the 310 cm™ deformation mode, depicted in figure 2.4 |

also shows interesting features. The signal at 310 cm™, associated to the deformation

mode with experimental frequency of 321 cm™!

, appears at the time of 600 fs, well

reproducing again the experimental rise time of 650 fs [58]. Another main signal

is instead centered around 1100 em™. That’s basically the -COH phenolic rocking

mode, experimentally found at 1138 cm™ [58]. The 310 cm™ mode , is overall

composed by a four rings collective deformation, associated to a strong phenolic

-COH motion. Nevertheless, the -COH rocking mode alone is located at 1138 cm™.

In other words, the 310 cm™ mode is also composed by phenolic -COH rocking and

1

if one considers this motion alone, it has a frequency of 1138 cm™. During the

dynamical simulation, the sampling of the 310 cm™ mode involves naturally also

the -COH rocking motion, so that the wavelet spectrum ends up to show both the

frequencies at 310 cm™ and 1138 cm™.

Lastly, in figure 2.4 , the wavelet spectrum of the lower frequency ring breathing

mode is shown. It’s quite easy to recognize a component below 200 cm™, associated

to the breathing mode. Following the electronic excitation, this mode quickly starts

to rise and decays before 600 fs. This feature is in excellent agreement with the

spectroscopic experimental signal, showing a decay time constant for this mode of
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540 fs [58]. In addition the spectrum shows another important band appearing at
about 500 fs and centered around 450 cm™. This latter signal can be associated to
a mode experimentally found at 460 cm™, with a risetime of 600 fs [58].

The mode at 456 cm™ is similar to the breathing mode in terms of collective
motion of the 4-aromatic rings system. The dynamical simulation made possible to
sample and isolate the 191 cm™ breathing mode, that is naturally and sequentially
coupled to the 460 cm™. In the excited state wavelet spectrum the frequencies are
resolved in time, and we can see how the 460 cm™ mode appears simultaneously to
the breathing decay, qualitatively reproducing the experimenatal risetime of 600 fs.

The method employed is able to provide an accurate picture about the time
evolution of the photoactivated vibrational modes, matching in all cases the kinetics
time constants of the experimental signals. Beyond that, it’s noteworthy that the
sequential trend with which the modes vanish and appear, is in perfect agreement
with the experimental one. In case of photoexcited pyranine, the time window of
0-600 fs is clearly a key time in the context of the overall relaxation process. Indeed,
that’s the time in which the decay of the 190 and 900 cm™ modes and the rise of
310 and 460 cm™ modes, happens simultaneously.

A deeper analisys of the composition of these three modes shows how all of them
have important contribution localized to the phenolic acid group. In particular
while for the lower frequency modes (190 and 310 cm™), these are basically -COH

phenolic rocking motion, the 900 cm™ mode has a clear phenolic hydrogen out of
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plane contribution. As vibrational modes are exctracted from dynamics trajectory,
where the water solvent molecules are explicitly take into account, it’s possible that
they are coupled to the motion of the solvent in first solvation shell. More closely,
during the simulation time we found that just one water molecule remains close,
hydrogen bonded, to the acid group of pyranine, i.e. there is no exchange of water
molecules between the solvation shells around the pyranine phenolic group.

In figure 2.6 we compare the time evolution in the ground and the excited state
of the intermolecular distances between the pyranine phenolic oxygen and the H-
bonded water oxygen (O,y-Ouyat), and between the pyranine acid group hydrogen
the water oxygen (H,,-Ouat). It can be noted that in the excited state these dis-
tances are shorter since about 50 fs, indicating that the phototriggered relaxation
induces a tighter arrangement of the proton donor-acceptor couple. It is interesting
also to observe in the frequency domain the trend shown by the H,,,-O,, distance
as extracted from the excited state trajectory. Indeed, the wavelet spectrum in Fig-
ure 2.6 of the H,,,-O,,q distance shows a band around 180 cm™ that is activated in
the ultrafast part of the spectrum, with a time decay of about 400 fs.

A pyranine low frequency mode photoactivated at about 280 cm™' has been
extensively investigated by FSRS techniques, and an important role played in pro-
moting the pyranine photoacidity has been pointed out. [58,124] Here, we extracted
a collective deformation mode involving all the 4-rings of the molecule with an im-

portant contribution from the phenolic O-H stretching. It is reasonable to expect,
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Fig. 2.5: (Q modes (right panels) and corresponding 2D wavelet power spectra (left panels). a) Ring
out of plane wagging mode, with an AIMD frequency of 113 cm™; b) Combination of wagging and
breathing mode 1, the AIMD frequency is 613 cm™; ¢) Ring deformation associated to a phenolic

0.06
0.05
0.04
0.03
0.02
0.01
0

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0

(b)

Combination of wagging & breathing 630 cm™

(a)

Rings out of plane wagging 108 cm™1

AIMD Freq. 108 cm™1
Exp. Time Decay 1.1 ps

AIMD Freq. 613 cm™1
Exp. Rise Time 300 fs

(c)

Ring deformation + phenolic OH stretching 280 cm™

AIMD Freq. 280 cm™1
Intensity oscillation
with period of 200 fs

OH stretching component, with AIMD frequency of 280 cm™!

34

\

1

1



CHAPTER 2. FOLLOWING IN REAL TIME NUCLEAR PHOTORELAXATION: PYRANINE
PHOTOACID IN AQUEOUS SOLUTION

therefore, that the activation of this band is mainly responsible of the early tight-
ening of the pyranine-water couple. Composition of the mode and corresponding
wavelet spectra in the excited state are reported in Figure 2.5 c.

The vibrational dynamics shown by this mode is quite involved. We observe

a signal at about 280 cm™!

appearing in the ultrafast time of the pyranine relax-
ation, showing several raise and decay episodes with constant times of about 200 fs.
Moreover, another strong band very close in frequency appears at about 500 fs.

In Figure 2.7 we show the time evolution in both ground and excited state of di-
hedral angles involving the O-H phenolic group of pyranine and the H-bonded water
molecules, namely the CCOH and the CCOO angles shown. These structural pa-
rameters describe the relative orientation between the photoacid and the H-bonded
water molecule.

We observe that in the excited state (red lines in Figure 2.7) both angles oscillate
around values lower than in the ground state. In both cases, average values become
close to 180°. Therefore, the excitation induces a more planar arrangement of the
pyranine-water molecule, which is more suited for the proton transfer. Importantly,
at variance of the ground state evolution, oscillations of these dihedral angles in the
excited state are modulated by a low frequency mode, which we can individuate at
about 108 cm™! from time periods between maximum values.

From AIMD of pyranine in water we extracted a collective four ring out of plane

mode of the pyranine, involving in particular the out of plane motion of the O-H
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group. In Figure 2.5 a we report the composition of the mode and the corresponding
wavelet spectra calculated in the excited state. Also in this case the spectrum is quite

! and it is active

complex. The lowest frequency component is indeed at 108 cm”
along the time window of 1 ps. Along the time, however, coupling to bands at about
190, 300 and 600 cm~! can be observed. Notably, a similar mode is experimentally
found at 108 cm™, with a decay time constant of about one ps.

The wavelet map in Figure 2.5 a shows an other important contribution coming
from the band centered at about 600 cm™. It was associated to a mode that has in
plane and out of plane features, experimentally described as ’combination of wagging
and breathing’ [58]. The combination mode was isolated alone and its composition
is shown in figure 2.5 b , with the corresponding wavelet map on the left panel. The
AIMD frequency of 613 cm™ is in nice agreement with the experimental one at 630

l'and the experimental rise time of 300 fs is also well reproduced in 2D wavelet

cm’
map.

In summary, we observe a structural reorganization of the couple formed by the
pyranine and the H-bonded water molecule in the first picosecond of the photoin-
duced relaxation. Both intermolecular distances and relative orientation are more
favorable for the future proton transfer. From our analysis, this rearrangement is
mainly modulated by two low frequency skeleton modes at 108 cm™ and 280 cm™,

affecting the water orientation and proximity, respectively. The importance of the

mode at 280 cm ™! has been already experimentally revealed, while the role played
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Fig. 2.6: Left panel: Time evolution in both the ground (blue) and excited state (red) of the
intermolecular distances between pyranine and water of the first solvation shell, Hp,,-O,, and
Opyr-O4. Right panel: 2D wavelet map of the intermolecular Hy,,-O,, stretching in excited state.
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CHAPTER 2. FOLLOWING IN REAL TIME NUCLEAR PHOTORELAXATION: PYRANINE
PHOTOACID IN AQUEOUS SOLUTION

by the vibrational mode at 108 cm ™! is proposed here for the first time. Indeed, this

mode appears to be essential in the proton donor acceptor couple rearrangement

that is preparatory for the photoreactivity.

Within the class of photoacid molecules, pyranine is classified as weak. Indeed,

the origin of pyranine photoreactivity cannot be simply interpreted and explained in

terms of the electronic density redistribution responding to the external perturba-

tion. On the other hand, nuclear dynamics turns out to be preparatory and essential

in promoting the ESPT reaction.

Our findings support the hypothesis that the nuclear photorelaxation of pyranine

is finely controlled by the activation of transient vibrational modes at low frequency.

The most important stage of the skeleton relaxation is completed in about 500 fs,

in agreement with FSRS data. In particular, the exchange of the order among C-

C bonds occurs according to a complex vibrational dynamics, showing oscillatory

patterns that are out of phase and modulated by modes below 200 cm™!.

We also individuated modes playing a role in optimizing the structural rearrange-

ment of the pyranine and water molecule hydrogen bonded to the O-H group. In

particular, a ring out of plane wagging (108 cm™) and a ring deformation mode (280

cm™) support the rearrangement of the intermolecular orientation and distances. As

a consequence of the ultrafast relaxation, the pyranine-water couple is tighter and

better oriented for the ESPT, occurring at later times.
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Chapter 3

Exploring excited state reactivity
of pyranine-acetate system in
aqueous solution

3.1 Introduction to pyranine photoreacitivity in
presence of acetate

The pyranine molecule is classified as weak photoacid. It is acknowledged that in
water solution HPTS chromophore transfers a proton to a water solvent molecule at
the excited state, with time constants of 3 and 90 ps [58]. Analysis of the frontiers
orbitals involved in the interested electronic transition, HOMO-LUMO, showed how
the whole charge transfer character is not significant, especially around the phenolic
acid group. This means that the main driving force of the ESPT process should
not be ascribed to the electronic redistribution triggered by photoirradiation, but
rather the nuclear response to the new electronic arrangement must be considered
fundamental. In the previous chapter we showed how some photoactivated normal

modes are crucial to induce a structural optimization with the water molecule of the
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first solvation shell. The pyranine ESPT rate is very sensitive to the environment.
For example in methanol the ESPT is inhibited [123]. Nevertheless, if a base, like
acetate, is present in water solution the ESPT kinetic becomes faster (sub-ps time
scale) [61]. Acetic acid has a dissociation constant pKa of 4.76 between the pKa
value of pyranine in the ground (pKa 7) and the excited state (pKa 0). Modeling this
kind of reaction is not a simple task, because different ESPT mechanism could be
hypothesized depending on the acetate concentration. In particular, a direct ESPT
from HPTS to acetate molecule could be considered at high acetate concentration.
Otherwise, the ESPT could involve one or more intervening water molecules between
the proton donor (pyranine) and the final proton acceptor (acetate). Both the direct
and indirect (modulated by one water molecule) ESPT have been considered here.
The absorption spectra (404 nm) of the neutral HPTS does not change in presence
of acetate, and the electronic transition has the same m — m* character of the HPTS
chromophore in water solution. In order to get a first insight about the PES(s)
involved in ESPT process, constrained energetic profiles were computed in both
ground and excited state to model the following reactions:

HPTS + CH3COO~ — PTS™ + CH3COOH

HPTS + H,O + CH;COO~ — PTS™ + H,O + CH3COOH

In the first case the OH distance of pyranine phenolic group was chosen as
reaction coordinate; the distance was scanned with a step 0.05 A in the 1.05-1.55

A range of values, while relaxing all the others degrees of freedom. Modeling the
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Fig. 3.1: a)Ground (blue) and excited (red) constrained energy profiles calculated for the pyranine-
acetate ESPT reaction at B3LYP/6-31g(d,p)/C-PCM level of theory. b)Ground (blue) and excited
(red) constrained energy profiles calculated for the pyranine-water-acetate ESPT reaction at the
same level of theory.

ESPT with one intervening water molecule required a double and concerted scan
of the OH,,, and OH, distances. In both cases the energies of the first points,
corresponding to a neutral HPTS and a deprotonated acetate, were set to zero. PT
and ESPT energy profiles for pyranine-acetate and pyranine-water-acetate systems
in water solution are shown in figure 3.1a,b.

At the ground state , it’s possible to observe a monotonic increase of the relative
energy of about 2.5 kcal/mol along the OH,,, distance, in case of a direct PT from
pyranine to acetate. At the excited state a very different reactivity is observed, with
the anionic product stabilized of about 2.5 kcal/mol with respect to the reagent.

Namely, at the ground state the PT does not spontaneously occur, while the ESPT
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proceeds barrierless. The excited state potential energy profiles associated to the
non-direct ESPT mechanism (see Figure 3.1b ) show a little barrier of 2 kcal/mol
before reaching the anionic ESPT product stabilized of about 3.5 kcal/mol with
respect to the neutral reactant. In this case the reaction is not barrierless, according
to the experimental evidences [61] that ascribe the ultrafast component of the ESPT
(340 fs) to the direct proton shuttle and the slower but more probable component (1
ps) to the mechanism in which there is one or more intervening water molecules. A
first glance can be obtained by this minimal molecular representation of the species
involved in the reactivity, with an averaged account of the bulk solvent. Nevertheless,
in order to rationalize the ultrafast kinetics involved in different mechanisms and to
found a structural origin of the pyranine photoreactivity in presence of acetate, a

dynamical approach is mandatory. That will be the subject of the next sections.

3.2 Modeling Pyranine-acetate cluster in aqueous
solution

3.2.1 Ground state equilibrium sampling

An explicit treatment of the water solvent, according to a molecular mechanics force
field is here adopted, just as in the case of the pyranine in pure water. The solvent
molecules are not mainly involved in a direct ESPT reaction between pyranine and
acetate, but the proton donor-acceptor couple, defining the QM region, has polar
and charged groups establishing specific interactions with the surrounding water

molecules, modelled according to the MM force field. The atomistic description

42



CHAPTER 8. EXPLORING EXCITED STATE REACTIVITY OF PYRANINE-ACETATE SYSTEM IN
AQUEOUS SOLUTION

o

Distances (A)

o~
o

SN
>

>~
LN

1,2

. L . . . 1 .
0 2000 4000 6000 8000 10000 I

Time (fs)

Fig. 3.2: Time evolution of OH,,, (blue), Hyy-O4e (red) and Opyr-Oge (indigo) extracted from
the ground state trajectory.

of the solvent is mandatory to get its correct structuration around the pyranine-
acetate cluster, in particular around the oxygen atoms of acetate and pyranine. We
performed a ground state ab-inito dynamics of the couple pyranine-acetate, treated
at B3LYP/6-31g(d,p) level of theory, surrounded by 1020 water solevent molecules
trated by TIP3P model. The trajectory was 10 ps long, with a time step of 0.2 fs. In
figure 3.2 the time evolution of the bonds and the intermolecular distances involved
in the PT reaction are shown, namely OH,,,, Hyy-Oqc and Opy,-Oge.

Brief proton hopping are observed in some time ranges, around 1000, 5000, 7500
fs. More closely, the proton is here shared between the two heavy atoms of pyranine
and acetate. Nevertheless, a proton transfer event from pyranine to acetate does

not occur during the simulation time of 10 ps. The dynamical simulation basically
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confirms that in the ground state, under equilibrium condition, the proton shuttle
does not spontaneously occur, according to the aforementioned constrained energetic
profiles and to the pKa values of acetate (4.5) and pyranine (7) in the ground state.

In order to unveil the structuration of the solvent around the pyranine-acetate
QM cluster, the radial distribution functions (RDF) between the charged and the
polar groups of the QM cluster and the water molecules are calculated and depicted
in figure 3.3 . In particular figure 3.3 a,b shows the RDF between the oxygen atoms
of acetate and the solvent molecules, the RDF of the phenolic oxygen of pyranine is
instead presented in figure 3.3 c.

In figure 3.3 a, we show RDF's of the distances between the acetate oxygen that is
hydrogen bonded to pyranine (O;) and the water oxygen (O,,) and hydrogen (H,),
respectively.

The first solvation shell around O; corresponds to the first well-defined peaks,
centered at 1.77 A and 2.77 A for the O;-H, and 0;-0, distances , respectively.
After the first peak the RDF has a no zero value, indicating that an exchange of
water molecules occurs between the first and the second solvation shell during the
simulation time of 10 ps. The integration of the first peaks suggests that the first
solvation shell is on average composed by 1.5 water molecules establishing hydrogen
bonds with O;. The RDF of the acetate oxygen exposed to the solvent (Os) (see fig-
ure 3.3 b) shows similar features. The peaks corresponding to the first solvation shell

are centered at 1.77 A and 2.74 A and exchange of solvent molecules from the first
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to the other solvation shells are monitored as well. The O, does not interact directly
with pyranine molecule, so that it’s completely surrounded by water molecules. The
higher peaks of the first solvation shell report about an average number of 2.5 water
molecules around the O,. Lastly, RDF in figure 3.3c provides information about the
solvation of the phenolic oxygen of pyranine O,,, . The peak at 2.58 A correspond-
ing to the O,,,-0,, distance suggests that on average one water molecule is strongly
H-bound to this atom. This water plays a key role in the framework of the ESPT
reaction, because it would be involved in a stabilization of the negative charge on
the phenolic oxygen, once the proton moves to the acetate. The equilibrium picture
points out the arrangement of the solvent molecules around the reactive cluster com-
posed by the negative charged acetate and protonated pyranine. The arrangement
is obviously subject to change during and after the ESPT reaction as response to
the new charge distribution on the reactive cluster pyranine-acetate. Representa-
tive points of that equilibrium are chosen as starting points for the propagation of
the excited state dynamics. Because the ESPT direct reaction of pyranine-acetate
couple is very fast (sub-ps time), the starting point of the excited state trajectory
can strongly affect the ESPT kinetic. In particular, the relative orientation of ac-
etate and pyranine will be shown to be fundamental as structural parameter of the
starting structure. In this context, the intermolecular dihedral angle CO,,,-COq
(7) depicted in figure 3.4 was found suitable to describe the orientation of acetate.

The pyranine is basically planar and the O; of acetate is H-bound to its phenolic
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Fig. 3.4: Ground state average distribution of the + dihedral angle.

group. Regardless of that constrained , the other acetate moiety is free to move
around the solvent molecules and to assume different conformations with respect to
the pyranine plane. In figure 3.4 is shown the average distribution of the values that
the dihedral angle assumes in the ground state simulation. The sample range covers
the values 0-113 °. Values around zero correspond to a situation of planarity between
the four atoms defining the dihedral angle, but the points in -40-80 range are the
most representative of the ground state equilibrium. The « dihedral angle CO,,, -
COy. is defined by the heavy atoms that are directly involved in ESPT reaction. In
the next section, it will be shown that the initial value of the + dihedral angle will

be one of the key factor affecting the ESPT kinetic.

3.2.2 Rationalizing photo-reactivity: direct ESPT reaction

The dynamics simulation of the excited state proton transfer reaction from pyra-

nine (proton donor) to acetate (proton acceptor) will be discussed in this section.
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Five excited state trajectories, in which the ESPT happens in different times, have
been collected and are shown in figure 3.5. The graphs show the time evolution
of intermolecular and intramolecular distances directly involved in ESPT reaction,
namely: the OH,,, bond that in excited state is subject to dissociate and H,,,-Oq.
intermolecular distance.

For the trajectories 1 and 2, the ESPT reaction takes place within 100 fs and
the proton remains bound to acetate for the rest of the dynamics, leading to the
deprotonated pyranine. The trajectories 8 and 4 are characterized by a proton hop
at the time of about 300 fs. Nevertheless, before the proton is definitely bound to
acetate oxygen, it is possible to recognize some time ranges in which the proton is
shared between the oxygen heavy atoms of pyranine and acetate. Trajectory 5 has
the slowest kinetic, indeed the ESPT is observed around 650 fs. Different starting
structures distinguish the five trajectories. In order to rationalize how the choice of
the initial point affects the ESPT kinetic observed in the five trajectories, the main
structural parameters characterizing each starting structure are analyzed and they
are given in table 3.1. We considered as important factors in the initial structure:
the solvation and structuration of the solvent around the proton donor-acceptor
atoms, the hydrogen bond network of the bonds directly involved in the reaction
(OHpy,, Hyyr-Oge and O,y -O,c), the relative orientation of pyranine and acetate,
represented by the v dihedral angle. The ground state sampling already provides a

picture of a strong hydrogen bond between the proton donor-acceptor couple, i.e.
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Fig. 3.5: Graphs of the ESPT reaction monitored in five trajectories. Each trajectory starts from
a different initial structure. a) Trajectory I: left panel shows the time evolution of OH,,, and
Hpyr-Oqge, right panel indicates the time evolution of the intermolecular distance between phenolic
oxygen of pyranine and the water molecule (indigo line).The orange line indicates the exchange
with an other water molecule monitored during the dynamics. b) Trajectory 2. c¢) Trajectory 3.
d) Trajectory 4. e) Trajectory 4.
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Starting point
ESPT (fs) v angle (°) O,,-Hy (A) OH,, (A) Hpp-Oue (A)  Opyr-Oge (A)

Trajl 100 -9 1.92 1.0 1.57 2.57
Traj2 100 -14 1.95 1.03 1.42 2.42
Traj3 300 -48 2.19 1.06 1.41 2.46
Traj4 300 -52 1.99 1.01 1.57 2.57
Trajs 700 -62 / 1.01 1.59 2.57

Table 3.1: Main structural parameters characterizing the starting point of the five excited state
trajectories.

pyranine and acetate, with an O,,,-O,. average value of 2.55 A.

All the starting structures are characterized by an O,,,-O,. intermolecular dis-
tance within the range 2.42 -2.57 A. In particular Opyr-Oq. distance of 2.57 A s
the starting point of the trajectories 1, 4 and 5 having ESPT kinetic of 100, 300
and 650 fs respectively. The contribution of the O,,,-0,. distance to the structure
of the initial point cannot be considered crucial to rationalize the observed ESPT
kinetics. The intermolecular dihedral angle « is defined by the atoms CO,,,-CO,.
as defined in figure 3.4, and it reports about the arrangement of the heavy atoms
directly involved in ESPT reaction. According to the ground state distribution the
most probable and representative  values cover the -40-80 ° range. The trajectories
1 and 2, with an ESPT kinetic within 100 fs, have + value vary close to the planarity
in their initial structure (v of 9 and 14 ° respectively). The fastest ESPT kinetic are
observed when the initial configurations extracted from the ground state sampling
are already optimized to let the proton hop. Nevertheless, they are not representa-
tive configurations of the ground state sampling equilibrium, because the ~ value of

-9 and -14 ° are outside the probable range -40,80 °. Moreover, the ESPT reaction
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at 100 fs showed in trajectories 1 and 2, happens before the reported experimental
time of 340 fs [61]. In the starting structure of the trajectories 3 and 4, the v di-
hedral angle is far from planarity, with values of -48 and -52 °. The ESPT reaction
observed at about 300 fs is therefore slower. In both case the initial points have ~y
values (-48 and 53 °) within the representative range of the ground state equilibrium,
and the ESPT kinetics are in nice agreement with the experimental time constant.
The ESPT at 650 fs is the slowest dynamics among the five collected trajectories
and it needs a deeper investigation. The v dihedral of -62 ° characterizing the initial
structure, is quite far from planarity, but it is part of the ground state most probable
distribution. The v dihedral angle of the starting point is not the only factor ruling
the ESPT kinetic. The delay of the ESPT kinetic in trajectory 4 can be ascribed
to the solvation around the phenolic oxygen of pyranine, i.e. the atom donating the
proton. The RDF, between the phenolic oxygen of pyranine (O,,,) and the solvent
molecule, computed at the ground state, showed that on average one water molecule
is hydrogen bound to O,,, . In table 3.1, the H-bond distance O,,,-H,, of the start-
ing structures are given for the five trajectories. In the right column of figure 3.5
there are the graphs of the behavior over the time of the O,,,-H,, distance for each
trajectory.

The four trajectories already discussed have initial points in which the water is
strongly H-bound to the phenolic oxygen of pyranine, and that water remains close

for the rest of the dynamics. Nevertheless, for the trajectory 1 and 4 an exchange
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with another water molecule is monitored. The effect of the water is fundamental
to stabilize the negative charge on the phenolic oxygen once the proton has moved
to acetate. In case of trajectory &, instead, there is no water molecule close to the
phenolic oxygen in starting structure. That’s why a delay of the ESPT reaction is
detected. The water approaches the pyranine oxygen, when the proton moves to
acetate, stabilizing the anionic pyranine. The trajectory 5 has a starting structure
characterized by a dihedral angle representative of the ground state average, but the
proton-donor oxygen lacks the water molecule necessary to make stable the ESPT
product.

In conclusion, two important factor ruling the ESPT kinetic were identified:
the relative configuration of the proton donor-acceptor couple represented by the
dihedral v and the solvation of the proton donor atom. Combinations of these two
factors give rise to a starting configurations that can be more or less representative

of the ground state equilibrium, making the ESPT reaction faster or slower.

3.2.3 Time resolved vibrational analysis

The ESPT reaction of pyranine becomes ultrafast when a base like acetate is present
in water solution. Acetic acid has, indeed, a pKa value of 4.76, in middle of the pyra-
nine pKa in ground and excited state (7 and 0 respectively). The energetic profiles
already provide a picture of a barrierless ESPT direct reaction. The dynamics sim-
ulations showed how the proton hop takes place in excited state within 1 ps for

different configurations. In this context, the negative charge of acetate, together
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Fig. 3.6: a) Discrete Fourier transform of the CC,. stretching extracted from dynamics. b) CCy.
stretching modes computed at the minium energy structure at B3LYP/6-31g(d,p).

with the charge transfer degree associated to the electronic transition of pyranine
is sufficient to allow the proton hop in excited state. The peculiar activation of
the vibrational modes discussed in case of pyranine in pure water solution is no
longer necessary before the ESPT reaction, because the ground state sampling al-
ready provides starting configurations sufficiently optimized for the proton transfer.
The extraction of the vibrational modes from dynamics is therefore not employed.
Nevertheless, it’s worth discussing a particular vibrational mode that can be used
as fingerprint band to follow the ESPT reaction: the acetate C'C' stretching vibra-
tional frequency. CC,. stretching was experimentally found at the frequency of 928
cm™. Figure 3.6a shows the discrete fourier transform of the time dependent CC,,.
distance extracted from the ground state dynamics.

It’s possible to recognize two fundamental bands at 926 cm™ and 1420 em™. The
transformation to the frequency domain by means of the discrete fourier transform

was done on a structural parameter (CC distance), and not on a generalized mode
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extracted from trajectory. The discrete fourier transform graph in figure 3.6 shows,
therefore, the vibrational modes having as component the CC,. stretching motion.
In this case, the band at 926 cm™ is the CC stretching mode (Stretchl) experimen-
tally recognized (928 cm™) [61]. The band centered at 1420 cm™ is another kind of
CC,. stretching (Stretchll). In order to investigate the nature of the two type of
CC stretching, the composition of Stretchl and Stretchll, from frequencies com-
putation at the minimum energy structure, is given in right panel of figure 3.6. Both
of them have a strong CC,. stretching component, but the Stretchl is associated to
an out of plane of the pyranine phenolic hydrogen, and StretchllI involves, instead,
some ring deformation mode. The static frequencies values (903 and 1441 cm™) are
different from the corresponding dynamics (926 1420 cm™ ) and experimental values
(928 cm™), because they are calculated within the harmonic approximation. The
experimental reference spectrum [61] covers the frequency range 0-1350 cm™, and an
experimental reference value to be compared with the 1420 cm™ dynamics frequency
is therefore not available. Our investigation, however, showed that the CC,,. stretch-

I and

ing motion participates basically to two kind of vibrational modes at 926 cm’
1420 cm™. The analysis can benefit from the employment of the wavelet transform,
because it provides time resolved frequencies, so that it will be possible to follow the
behavior of the modes over the time as the ESPT proceeds. In figure 3.7 and 3.8

the wavelet maps of the CC,. stretching for the five excited state trajectories are

given.
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For the sake of clarity, the corresponding ESPT graphs are again shown. The
discussion starts from trajectory & and 4, when the ESPT reaction happens around
300 fs. The proton is not suddenly transferred from pyranine to acetate , but
there are time ranges in which the proton is shared between the oxygen heavy
atoms of pyranine and acetate. The corresponding 2D wavelet maps of the CC,.
stretching show that during the sharing time ranges, the C'C,. motion is ruled by
StretchIl mode (1420 cm™). On the other hand, when the proton is definitely
bound to pyranine or acetate the Stretchl (920 cm™) controls the CC,. stretching
motion. Rationalizing this peculiar behavior requires the analysis of the Stretchl
and Stretchll composition. The Stretchl is characterized, indeed, by an out of
plane motion of the phenolic hydrogen, but if the proton is shared this motion is
not allowed, because the proton is not bound to any oxygen atom. In that time
ranges, the StretchIT (1420 cm™ ) appears. The other dynamics are characterized
by a sudden proton hop, without long-lasting proton shared periods. The result is
that the StretchlII never appears and the main contribution to the CC,. stretching

is basically from Stretchl mode (926 cm™), as we can see from figure 3.8.

3.3 Modeling Pyranine-water-acetate cluster in aque-
ous solution

3.3.1 Ground state equilibrium sampling

In this section the ground state sampling of pyranine-water-acetate cluster in aque-

ous solution will be discussed. The molecular system is separated according to the
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hybrid QM/MM scheme already applied to pyranine and pyranine-acetate cluster
in water. The main difference is that the QM subspace consist of pyranine , acetate
and a water molecule between them, as shown in figure 3.9. The QM system lies
at the center of a sphere of water molecules explicitly treated. These molecules are
free to establish hydrogen bond interaction with the pyranine-water-acetate cluster,
that have more solvation sites. Indeed, in addition to the acetate oxygen atoms
(final proton acceptor) and the phenolic oxygen of pyranine (initial proton donor),
the central water can interact with the other solvent molecules as well. In a con-
text of a no-direct ESPR reaction, the solvation around around the central water is
essential to correctly describe the double proton hop involving pyranine-water and
water-acetate couples. In order to follow the double ESPT reaction, the intermolec-
ular and intermolecular parameters that have to be monitored are: OH,,,, Hyy,-O,,
OH, and H,-0,.. The time evolution of these main parameters in the ground state
dynamics is shown in figure 3.9.

During the simulation time of 7 ps no proton transfer is observed between
pyranine-water or water-acetate pair. Moreover, whereas in case of pyranine-acetate
cluster the grund state dynamics pointed out short proton hops, here, where a water
molecule modulates the interaction with acetate, the proton is strongly bound to
pyranine. The ground state dynamics of the pyranine-acetate and pyranine-water-
acetate clusters already showed different features, suggesting that the intervening

water molecule makes the PT slower. The radial distribution functions (RDF) be-
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Fig. 3.9: Time evolution of OH,,, (blue), Hp,r-O, (cyan), OH, (dark green), H,-O,. (green).

tween the polar and charged groups of the QM cluster and the solvent molecules were
calculated and depicted in figure 3.10. The oxygen atoms of acetate are again la-
belled as O; and O, , for the oxygen directly bound to the QM water and completely
surrounded by MM water respectively.

The RDFs of the oxygen atoms of acetate are quite similar; the peaks corre-
sponding to the first solvation shells ate centered at 2.76 A and 2.75 A for 0;-0,
and 0;-0,, respectively. The peaks representing the solvation around the Oy are
clearly higher, indicating that a greater number of water molecules makes up the
first solvation shell. Indeed, the integration of the first peaks suggests that O; and
O, are solvated on average by 1.5 and 2.5 water molecules respectively. In both
case, after the first peak, there is a pronounced minimum that however does not

reach zero value, indicating that solvent molecules exchange are possible from first
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Fig. 3.10: a) RDF's between O; and the water molecules, O, -0,, (black) and O;-H,, (red) distances
are shown. b) RDFs between O, and the water molecules. ¢) RDF between O,,, and the water
molecules. d)RDF between O, belonging to the QM cluster and the water molecules.
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to the other solvation shells during the simulation time of 7 ps. The structura-
tion of the solvent around the phenolic oxygen of pyranine and the water belonging
to the QM region, is described by RDFs in figure 3.10. The peaks highness and
shape indicates that one water molecule is on average H-bound to these atoms. In
particular the peak centered at 2.65 A for the Opyr-0,, distance suggests that an
especially strong hydrogen bond is established between the solvent molecule and the
phenolic oxygen of pyranine. Indeed, it was already shown the importance of that
hydrogen bond in affecting the ESPT kinetic for the direct proton transfer. Here
in case of an intervening water making the ESPT slower the accurate description
of the hydrogen bonds solute-solvent interaction seems to be even more important
for the correct characterization of the ESPT reaction. Indeed, it is unclear how
the double ESPT proceeds, if a concerted mechanism occurs or if the central wa-
ter, accepting the proton from pyranine, becomes an hydronium ion. The solvent
molecules could therefore be involved in a stabilization of the reaction intermediate.
The problem of the solute-solvent edge interactions and its accurate description will
be discussed in next section. As conclusion of the pyranine-water-acetate cluster
equilibrium sampling, it has to be discussed the relative orientation of the three
molecules in solution. Pyranine molecule is basically planar and the oxygen of the
central water (H-bound to pyranine) lies in same plane. The acetate molecule in-
stead, with one oxygen hydrogen bound to the central water, is quite free to move

in solution. During the ground state sampling, some conformations are explored, in
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which the acetate is more or less planar respect to the pyranine-water plane. The
intermolecular dihedral angle O,y,-0,,-OC,. (§) (in figure 3.11) was identified as
key parameter to describe the orientation of acetate. In figure 3.11 the ground state
average distribution of the ¢ dihedral is shown. In ground state, J assumes values
from 0-100° and the most probable and representative points of the ground state
equilibrium fall within the 40-80° range. The dihedral angle ¢ is composed by a
network of the heavy atoms directly involved in ESPT reaction.

Values of ¢ around 0° describe a planar structure promoting the ESPT reaction,
but they belong to the tail of the gaussian function describing the average distribu-
tion. As already seen in case of the direct ESPT between pyranine and acetate, the
structure of the initial point of the excited state trajectories affects the ESPT ki-

netic. Starting structures with a planar arrangement of the heavy atoms involved in
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the reaction (Opy,-Oy-0,c) make the ESPT faster but they can be not representative

of the ground state equilibrium.

3.3.2 Rationalizing photo-reactivity: double ESPT reaction

The subject of section is the excited state dynamics simulation of the ESPT reac-
tion involving pyranine-water-acetate system. A double proton transfer is meant
to happen from pyranine to water first, then from water to acetate. Open issues
remain on the reaction mechanism, in particular the reaction can proceeds with a
double and concerted proton transfer or in sequential manner. In this latter case, an
hydronium ion can be formed as result of the proton hop from pyranine to the water
molecule. The ESPT reaction is accompanied by a charge redistribution and the
solvent molecules can strongly interact with the reaction intermediate. The solute-
solvent interactions has to be accurately taken into account, to provide reliable de-
scription of ESPT reaction. The hydrogen bonds network established between the
solvent water and the three molecules directly involved in proton transfer reaction
(pyranine-water-acetate) is described by interactions between an electronic density
(QM part) and the charges of the force field (MM part), according to the adopted
QM/MM partition. Understanding how accurate is the treatment of the QM /MM
solute/solvent interactions is not a simple task. In case of a reaction site embed-
ded in a refined network of hydrogen bonds, it can be required to extend the QM
space. Following this logic five excited state trajectories were collected starting from

the same initial structure but employing different QM /MM partition. As reference,
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Fig. 3.12: Time evolution of OH,,, (blue), H,,-O, (cyan), OH, (dark green) and H,-Oq.
(green) in excited state. The left panels show the QM region. a) Trajectory 1 in which the
minium partition is adopted. b) Trajectory 2, the water hydrogen bound to the phenolic oxygen
of pyranine is included in QM region

the first trajectory was collected with the minimum partition, namely the ground
state QM /MM separation. The other four, in addition to the pyranine-water-acetate
cluster, include in the QM region one, two, three and five water solvent molecules
respectively, as reported in left column of figure 3.12 and 3.13.

The right column of figure 3.12 and figure 3.13 shows the corresponding tra-
jectories, namely the time evolution of the main intermolecular and intramolecular

distances directly involved in the reaction: OH,,,, Hyy.-O,, OH, and H,-O,. The

63



CHAPTER 3. EXPLORING EXCITED STATE REACTIVITY OF PYRANINE-ACETATE SYSTEM IN
AQUEOUS SOLUTION

a) i prr'ow(u
25 — OH,,
0/
/ Ji 2f
. -0—C, L5
05, OH o/H o\ _
i CHy .3
H g 1P A L h . " A L
S 0 100 200 300 400 500 600 700 800 900 1000
~°N 7
a Hwar'oac
25 __on
0,8 SO5” e
2F
L5}
B e e e e e L L L el e L |
0 100 200 300 400 500 600 700 800 900 1000
Time (fs)
b)
).t
2_
/O/ 0 L5
I <,
. H -o— @ 1 1
04§ OH o” N\ S 0 100 200 300 400 500 600 700 800 900 1000
| CH; § 3
H ]
25k
N
/0/ 2k
‘038 SOy
L5F
B e e e e e Tl
0 100 200 300 400 500 600 700 800 900 1000
Time (fs)
3
c).|
2_
/ L5k /w
o fe) [o) 4
/ N T A A W o N,A
_C e 1 el ubd-LAA A
038, OH o’H 0T\ S 0 100 200 300 400 500 600 700 800 900 1000
i \ CH; § 3
H /O Q B
25k
N
o 2
- SOy / i
035 3 L5
A
1

0 100 200 300 400 500 600 700 800 900 1000
Time (fs)
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b) Trajectory 4. c) Trajectory 5.
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trajectory 2 ( see figure 3.12b) includes in QM cluster the water molecule H-bound
to phenolic oxygen of pyranine. There are not big differences with the trajectory 1
(figure 3.12c) of the minimum partition. In both cases, indeed, the ESPT is not
monitored, and despite the phenolic hydrogen approaches the water molecule, the
pyranine remains basically protonated during the simulation of 1 ps. The trajec-
tories & and 4 (figure 3.13a,b) are instead characterized by a QM part composed
by two and three solvent molecules respectively. The first and partially the second
solvation shell of the central water is therefore included on QM subspace. It’s pos-
sible to observe short proton jump over the time between pyranine-water couple.
In particular for trajectory 4 at the time of 300, 620 and 850 fs the proton moves
briefly on the water, but a permanent ESPT leading to a stable anionic pyranine
does not occur. Moreover, the water-acetate couple does not seem to be affected by
the proton hops between pyranine and water. The central water acts both as proton
acceptor and donor toward pyranine and acetate respectively, and its solvation at
quantistic level seems to promote the first proton transfer event, but no the final
proton transfer toward acetate. The final trajectory has the biggest QM partition,
including two more water molecules around the oxygen of acetate (see figure 3.13c).
The excited state dynamics shows that at the time of 900 fs the proton moves from
pyranine to water, leading to the formation of hydronium ion. The proton transfer
to acetate is not simultaneous, but the hydronium ion has a lifetime of about 100

fs. Nevertheless, the proton moves to acetate at 1 ps, even if the trajectory is not so
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long to observe the stable formation of acetic acid. The five trajectories show a clear
trend toward promoting the ESPT reaction with increasing the number of solvent
molecules included in QM /MM partition. The first important effect is reached with
inclusion of the first and second solvation shell of the central water (trajectories 3
and 4) when short proton hops are observed between pyranine-water couple. The
difference is that the oxygen atoms of the water, now included in QM region, are
described accurately by means of the two electron pairs and no longer with the MM
charge. That allows for having optimal H-bond orientation and interaction toward
the first proton-acceptor atom, i.e. the oxygen of the central water. On this way,
the inclusion of the solvent water around the second proton-acceptor atom (oxygen
of acetate) makes possible to observe the double ESPT.

The experimental time of ESPT of pyranine in presence of acetate are 340 fs, 1
ps and 6 ps [61]. The fastest kinetic of 340 fs is associated to the direct ESPT from
pyranine to acetate, and in the previous sections, a good agreement was found when
representative points of the ground state equilibrium were chosen. The time of 1 ps
was instead ascribed to the ESPT between pyranine and acetate with the modulation
of water molecules. The last dynamics discussed seems to be in fair agreement with
the ESPT experimental time constant of 1 ps. It’s necessary to know how the initial
structure (called ConfA) of the trajectory J is representative of the ground state
equilibrium. Moreover, a comparison with an excited state trajectory, keeping the

same partition but starting from a different initial structure (called ConfB), was
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Fig. 3.14: Excited state trajectory starting from ConfB. In the left panel are shown the molecules
included in QM partition. The right panel shows the time evolution of OH,,, (blue), Hpy.-O,
(cyan), OH,, (dark green) and H,-O,. (green) in excited state.

Starting point
N° of QM water ESPT (fs) 0 angle (°) O,y-O,, (A) Ouw-O4c (A)
ConfA 5 1000 -45 2.60 2.54
ConfB 5 300 9 2.45 2.56

Table 3.2: Main structural parameters characterizing the starting point of the two excited state
dynamics with the same QM /MM partition.

also done. In table 3.2, the features of both the dynamics (ConfA and ConfB) are
summarized and in figure 3.14, it’s reported the excited state trajectory having as
starting point ConfB.

It was adopted the same partition, including five water molecules in QM region,
in addition to the reactive cluster pyranine-water-acetetate. Figure 3.14 shows that
the first proton hop, from pyranine to water, happens at 100 fs, leading to hydronium
ion. It has a lifetime of about 100 fs, after that the proton moves to acetate at the

time of 200 fs. Nevertheless, in a time range of about 300 fs the proton is not
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completely bound to acetate, but it is instead shared between the heavy atoms O, -
Oye. From 500 fs, the formation of a stable acetic acid is monitored and maintained
for the rest of the trajectory. Despite ConfA and ConfB share the same QM /MM
partition, ConfB shows an early ESPT reaction. The main reason is the different
initial structure featured by ConfA and ConfB. From table 3.2 , it is possible to
see that the intermolecular distances O,,,-O,, and O,-O,. suggest a strong H-bonds
network in both cases. ConfA is instead characterized by a dihedral ¢ value of -45°
, that falls within the range of the ground state most probable values. The initial
structure of ConfB has a ¢ value of 9° that is very close the planarity condition,
but it falls within the tail of the gaussian function describing the ground state ¢
distribution. This configuration is basically characterized by a planar arrangement
of the atoms Oy, -0,,-OCq,, defining the dihedral . As already seen for direct ESPT
of pyranine-acetate couple, here it was found that initial point characterized by a
planar disposition of the heavy atoms of the reactive site promotes and accelerates

the excited state proton transfer reaction.

3.3.3 Time resolved vibrational analysis

The excited state proton transfer reaction involving the pyranine-water-acetate clus-
ter is an intermediate situation between pyranine in pure water and pyranine-acetate.
In the first case, before the ESPT event the sequential activation of low frequen-
cies vibrational modes is necessary to induce a structural optimization between the

proton donor-acceptor pair. On the other hand for the pyranine-acetate system
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the reaction is basically barrierless and the nuclear rearrangement is not required.
The presence of acetate, for the pyranine-water-acetate cluster, obviously makes the
ESPT faster, but the central water suggests that low frequencies skeleton modes
have to optimize as well the structural arrangement of the reactive site. The pro-
cedure of the extraction of generalized vibrational modes is here employed together
with the multiresolution analysis based on the wavelet transform, as already done
in chapter 2 for pyranine in water solution. The analysis is performed on trajectory
5 (called ConfA), because it is representative of the ground state equilibrium and
realistic for comparison with experiment. It must be said that the comparison with
the experimental spectroscopic data is quite complex in this case. In case of pyranine
and acetate together in water solution, the experimental spectra are the result of all
the possible mechanisms: direct ESPT pyranine-acetate or no-direct ESPT with the
modulation of one or more water. All the ESPT time constant are available, 340 fs
associated to the direct ESPT, 1 ps and 6 ps, with intervening water. A comparison
with the experimental rise and decay times of the vibrational modes would be not
allowed. Nevertheless, the frequency values are actually comparable, and we can
looking for some key vibrational modes that in time window of one picosecond seem
to be important in promoting the reaction. In particular we will focus on two vibra-
tional low frequencies skeleton modes, already identified for pyranine in pure water,
namely: the four-ring out of plane wagging at the AIMD frequency of 110 cm™ and

the collective breathing with AIMD frequency of 198 cm™. Their composition, as well
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as the 2D wavelet maps, are given in figure 3.15. They are collective modes involving
the whole nuclear skeleton. In both cases, a nice agreement with the experimental
frequency [61] is found (experimental frequencies of 106 and 195 cm™ for wagging
and breathing respectively). The wagging mode is basically an out of plane motion,
as it is possible to see from the composition of the mode extracted from AIMD (see
figure 3.15 ). In particular, the out of plane motion is localized on CCOH phenolic
group, and it can be involved in a structural optimization between pyranine-water
couple. The phenolic CCOH out of plane motion defines actually the planarity be-
tween the pyranine proton-donor group and the proton-acceptor oxygen of water.
The 2D wavelet map of the wagging mode is given in figure 3.15 and it shows just
the wagging contribution at the frequency of 110 cm™. The band appears quickly
following the electronic excitation, earlier of the experimental rise time constant of
680 fs [61]. The breathing mode is, instead, an in plane collective motion having
an Opy,-0,, intermolecular stretching component. The breathing motion provokes
the stretching of the whole molecule and the approaching of the heavy atoms O,
and O,. The corresponding 2D wavelet map, in figure 3.15 shows the contribution
at about 200 cm™ |, associated to the breathing mode. It appears immediately and
decays at about 700 fs, in nice agreement with the experimental time decay of 680 fs.
The wagging and breathing modes were already identified and discussed in case of
photoexcited pyranine in pure water, and it was found that within the time window

of 1 ps they were essential to optimize the structural the structural arrangement of
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Fig. 3.15: Left panels 2D wavelet maps of the wagging (a) and breathing vibrational modes (b).
Their composition is instead shown in right panles.

pyranine-water before the ESPT event. In case of pyranine-water-acetate cluster,

the two low frequency modes have the same key role, but the presence of acetate

makes, obviously, the reaction faster. The analysis was performed on trajectory &

where the proton transfer from pyranine to water takes place at 900 fs. The wavelet

maps highlight that wagging and breathing modes decay just before the proton hop

toward water, confirming their key role in promoting the ESPT reaction.
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Chapter 4

Unveiling anharmonic coupling by
means of excited state ab-initio
dynamics: application to
diarylethenes photoreactivity

4.1 Introduction to diarylethenes photoreactivity

Diarylethenes molecules are an important class of compounds known to have pho-
tochromic properties [128]. Photochromism is defined as the reversible interconver-
sion, triggered by irradiation, of a chromophore between two or more isomers with
different absorption spectra [129]. Phytochrome or rhodopsin are renowned exam-
ples of biological systems showing photochromic activity [130]. Aiming at mimic the
efficiency of the natural biological macromolecules, a great number of synthetic pho-
tochromic molecules has been produced so far. These include: azobenzene, spiropy-
ran and diarylethenes classes.

The change of the spectroscopic properties is always ascribed to the alteration

of the electronic-nuclear structure upon photoexcitation. Therefore, molecules with
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photochromic activity find many applications as light-driven molecular machines,
photoswitching devices or molecular sensors [131,132] . Many efforts were devoted
to synthetize photochromic system with the desired properties, namely: thermal
stability of the isomers, resistant properties to side-reactions, sensitivity, rapid re-
sponse. In this context, diarylethenes family, due to the excellent performances,
has attracted growing attention, more than others classes of photochromic chro-
mophores [133]. In principle, photochromic reactions should be fully reversible
and for some diarylethenes derivatives the coloration/decoloration cycles can be
repeated more than 105 times. Figure 4.1 shows a popular diarylethene, 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl) perfluoro-cyclopentene (F-CHD), one of the most used
photochromic molecule in practical applications. Upon photoexcitation, F-CHD un-
dergoes an opening ring reaction, involving the central cyclohexadiene ring, so that
a photoisomerization converts the closed and open ring isomer. It’s reported that
the cycloreversion quantum yield is reduced from around 50% to below 5% for more
7 conjugated diarylethenes derivatives [134]. The open ring isomer 7 conjugation
is localized to each thiophene ring, while in the closed ring isomer 7 conjugation is
delocalized throughout the molecule and the absorption spectrum shifts to longer
wavelength [133].

The closed isomer has an absorption spectrum at visible wavelength ( ~ 600
nm), while the absorption of the open ring specie is instead localized in UV range

(=~ 300 nm). Therefore, the photoexcitation with VIS wavelength radiation induces
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Fig. 4.1: Open and closed structure of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluoro-
cyclopentene (F-CHD).

the opening ring reaction, while the opposite closing ring reaction takes place when
the open ring product is excited with UV light [133]. The photochromic activity of
diarylethenes is recognized to be controlled by non-adiabatic decay by means of a
conical intersection (CI) seam [135,136]. More closely, the ground (Sp) and first (S;)
excited electronic state become degenerate somewhere along the reaction coordinate
and the photoexcited molecular system decays to the ground state in a radiationless
manner. F-CHD was the subject of several experimental studies [131,132] devoted
to the applications, exploiting its photochromic properties, but also of spectroscopic
experiments [134,137,138] aiming at the elucidate the electronic nuclear dynamics at
the origin of the F-CHD photoreactivity. Unveiling the driving forces controlling the
F-CHD photoreactivity could be helpful to plan a rational design of photochromic
system with better performances. In particular, FSRS experiment [134] revealed
characteristic oscillations of some time resolved frequencies. Oscillation in vibra-
tional bands are ascribed to anharmonic coupling between high and low frequency

modes in excited state. Quantitative measure of the anharmonic coupling remains
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a challenging but fascinating task, because gives information about the shape of the
PES(s) and the energy flow between vibrational normal modes.

The experimental hypothesis is that vibrational modes (mainly stretching and
bending motions) localized to the central 4-ring system are anharmonically coupled
to low frequency methyl wagging mode. These modes are defined as reactive because
of that coupling would lead to the open ring product. Vibrational modes localized
on the phenyl moiety are instead labeled ad unreactive, leading the system back
to the ground state. Theoretical studies of F-CHD are quite unusual, due to the
size of the system. Moreover the non-adiabatic photoreactivity does not permit
to use single reference electronic structure methods, such as DFT and TD-DFT
to characterize the whole PES(s). On the other hand, Multi-configurational SCF
(MCSCF) methods are suitable for the characterization of the PES region when the
crossing between the two electronic surfaces takes place, but it is not feasible for
a molecular system of such dimension. MCSCF was employed for the study of the
cyclohexadiene unity and some F-CHD model system involving three or four rings
[139,140]. In this context is important to know the regions of the PES(s) in which the
ground and excited state surfaces are well separated, namely the BO approximation
still holds and DFT and TD-DFT based investigations are valid. Within adiabatic
approximation, we may always run single surface excited state dynamics and get
information about the evolution of the vibrational properties following the procedure

developed and applied in the previous chapters. The focus of the work is twofold: in
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the first part, the static and dynamics characterization of the F-CHD photoreactivity
will be discussed. TD-DFT will be used, where it’s allowed, namely to describe
the vertical excitation, the relaxation on excited state PES, and the excited state
minimum sampling. In the second part, we will deal with a F-CHD model, keeping
just the four central rings, i.e. without the phenyl groups. Complete active space
SCF (CASSCF) [141,142] will be employed to characterize the conical intersection
structure, and to get more insights about the electronic and nuclear processes leading
the system toward the non-adiabatic region and the subsequent evolution to the open

ring product throughout the crossing of the electronic surfaces.

4.2 TD-DFT picture of the potential energy sur-
faces

In the following the focus will be on the direct opening ring reaction, namely the
photo-isomerization that starting from the closed ring reagent leads to the open
ring product. The vertical excitation energy (VEE) is obtained from the ground
state minimum geometry of the F-CHD close ring form. The computed value of
the VEE is 2,12 eV in gas phase, that is nice agreement with the experimental
absorption spectrum at 2,21 eV in cyclohexane. In principle, this discrepancy could
be reduced including the effect of the solvent. Nevertheless, the difference of 0.09 eV,
corresponding to the little gap of 2 kcal/mol, is considered negligible and the effect
of the cyclohexane unimportant. The kind of transition leading to the S; excited

state has m-m% nature involving the frontier orbitals shown in Figure 4.2. Great part
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of charge redistribution concerns the 7 conjugation localized on the central rings,
namely thiophene rings, central cyclohexadiene and the fluorinated cyclopentane,
this latter acting as electron acceptor. On the other hands the peripheral phenyl
rings are not so involved in charge rearrangement associated to the excitation. A side
perspective of the orbitals (see Figure 4.2) makes possible to see the new electronic
arrangement on the central C'C' bond, i.e. the bond that is subject to break in excited
state. The electronic charge is strongly reduced along the C'C' bond going from the
ground to the first excited state. According to this depletion, it is predictable that
in excited state the C'C' bond, responding to the new electronic structure, become
more stretched and more inclined to break.

In order to get a first picture of the potential energy surfaces involving in the
open ring reaction, a constrained potential energy profiles along a suitable reaction
coordinate were calculated at the ground (Sp) and first excited state (S;), by means
of DFT and TD-DFT. In principle, DFT and its time dependent version, as single
reference electronic structure theory, are not able to characterize the crossing points
between two electronic surfaces. Nevertheless, this procedure aims at understanding
where the two surfaces start to be degenerate along the reaction coordinate, so that it
will be possible to identify some regions of the PESs that can be treated in adiabatic
way. The ground and excited state energetic profiles are shown in Figure 4.3 and are
built starting from the close ring F-CHD at the ground state minimum, choosing the

central CC bond as reaction coordinate. The CC distance was scanned from 1.54
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HOMO LUMO

Fig. 4.2: HOMO and LUMO contour plots computed for F-CHD in the ground-state minimum
energy structure computed at B3LYP/6-31g(d,p).
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A t0 3.98 A, which correspond to the values that the CC bond assumes respectively
in the close and open ring isomer in their ground state minimum (green circles in
Figure 4.3). The intermediate points were obtained keeping fixed the CC' distance,
while relaxing on the ground state all the others degrees of freedom. The excited
state profile was instead computed vertically on that points. The profiles represent
relative energies respect to the energy of the closed ring F-CHD, that was instead
set to zero. At the ground state the transformation between the closed and open
ring form requires an energetic barrier of about 50 kcal/mol. Instead, when the
molecule is photoexcited the scenario dramatically changes. A little barrier of 6
kcal /mol separates the excited state minimum from the non-adiabatic region where
the energy levels of the ground and the first excited state are degenerate (black lines
in Figure 4.3). The excited system drops down to the ground state throughout this
conical intersection point. The radiationless decay to the ground state leads to the
open ring isomer, that is about 13 kcal/mol more stable than the closed one.

As already mentioned above, the DFT doesn’t allow to characterize the inter-
section points, but we can get information about the region of PESs in which the
ground and excited state surfaces are well separated and the adiabatic approxima-
tion still holds. More closely, within the range of values of the C'C' bond from 1.54
to 1.75 A the two electronic surfaces are clearly non degenerate. According to the
given level of theory, the two surfaces become too close in energy at the distance of

1.80 A of CC bond. As a matter of fact, in Figure 4.3, the ground-to-excited state

79



CHAPTER 4. UNVEILING ANHARMONIC COUPLING BY MEANS OF EXCITED STATE AB-INITIO
DYNAMICS: APPLICATION TO DIARYLETHENES PHOTOREACTIVITY

70
o—o——6—6—0—0 0,3f
60 0,27}
4
50 0,24}
:;; 40 o 0,21}
S
0,18}
£ 3 §
S S 15}
< 20 s
3 : 0,12}
i 0,094
0 0,06 !
-10 0,03}
.20 | I 1 1 1 1 1 1 L1 .1 0 | ] | | 1 1 1 Ll 1 1
L5175 2 22525275 3 3,253,53,75 L5175 2 22525275 3 3,253,53,75 4

C-C bond (A) C-C bond (A)

Fig. 4.3: Left panel: Ground (blue) and Excited (red) constrained energy profiles calculated for
the opening ring reaction at B3LYP/6-31g(d,p) level of theory. The black lines indicate the non-
adiabatic regions, while the green circles are the energy of the fully optimezed open and closed ring
structures. Right panel: Non-adiabatic couplings computed along the profiles

non-adiabatic couplings (nac) [143] along the constrained profiles are shown. The
first order non-adiabatic coupling matrix elements, can be written as
5 2
<‘Ijm‘ a_gvne “Ijn>

£ — 4.1
I (4.1

where F,, and FE,, are the energy eigenvalues of the states ¥,, and ¥,,,, Vne denotes
the operator of the electron-nuclear interaction and ¢ indicates a cartesian nuclear
coordinate.

In this implementation [143], first order nac are computed in the framework of the
linear response TD-DFT, namely the excited state wavefunction is not computed,
since all information about excited state properties are contained in the time evo-

lution of the ground reference state. NAC computation is here employed to report
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about the coupling between the ground and first excited state along the constrained
PES, with the C'C' bond as reaction coordinate. The maximum value of nac corre-
sponds to a C'C' distance of 1.80 A, that probably is point of conical intersection. In
the distances range 1.54-175 A, nac(s) undergo little variations and are always low.
That’s the region of the vertical excitation energy from the ground state minimum
of the closed ring isomer and the relaxation on the excited state surface reaching the
minimum geometry. Excited state structure corresponding to the distance of 1,75
A could be a transition state separating the S; minimum from the non-adiabatic
region of the conical intersection. The adiabatic sampling of that region will be the

subject of the section 4.4.

4.3 MC-SCF study of M-CHD

4.3.1 Justifying the model

The theoretical investigation of the F-CHD is not an easy task. The non-adiabatic
photoreactivity does not allow to employ TD-DFT for the characterization of the
conical intersection between the ground and excited state surfaces. On the other
hand, due to the big size, a MC-SCF method is not feasible to characterize the
full system. Some model were proposed, keeping three or four rings without the
phenyl and methyl groups [139,140]. The model (M-CHD) subject of the present
investigation, is given in Figure 4.4. The model does not include the phenyl groups,
but it keeps the methyl groups and the fluorinated cyclopentane. In order to justify

how reasonable the model is, the nature of the electronic transition leading to the
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Fig. 4.4: Comparison between the HOMO-LUMO of the F-CHD and the model proposed (M-
CHD), computed at B3LYP/6-31g(d,p) level of theory.

excited state should be studied and compared to the original one. In particular,
HOMO-LUMO are involved in the electronic transition leading to the first excited
state as well. The comparison of the frontiers orbitals, calculated at the same level
of theory, of F-CHD and M-CHD ( see Figure 4.4) shows that the electronic re-
distribution on the central four ring system is definitely the same in M-CHD and
F-CHD. It’s possible to hypothesized that the nuclear response to the new electronic

arrangement would be approximately the same.

4.3.2 CAS-SCF investigation of M-CHD

The complete active space SCF (CAS-SCF) [65,66,141,142,144] belongs to the fam-

ily of the MC-SCF methods, because multiple electronic configurations are taken
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into account and combined to forming the electronic wavefunctions. The total or-
bitals space of the molecular system is decomposed into three subspace: core or-
bitals, active orbitals and virtual orbitals. A CAS-SCF calculation is conceptually
a combination of an SCF computation with a full configuration interaction (full CI)
calculation involving just a subset of orbital. The active space is composed by the
orbitals involved in CI calculations. The active space includes both occupied and
virtual orbitals, and all possible occupations of the orbitals are taken into account.
CAS-SCF is useful to characterize the PES(s) points in which the ground and ex-
cited state are degenerate and it’s here applied to the study of M-CHD. Stationary
points on the ground and first excited state were determined at CAS(10,10)/6-31g(d)
level of theory. The active space is composed by ten orbitals occupied by ten elec-
trons. In particular four 7-7% pairs and one o-o* pair were chosen. The bonding
and antibonding o-o% orbitals are localized on the central CC' reactive bond and
are included to correctly describe the breaking reaction. The orbitals for the active
space are selected based on occupation criteria, according to the natural bond or-
bitals population analysis [145]. In figure 4.5 it is shown the energetic diagram of
the stationary points along the reaction coordinate, i.e. the reactive C'C' bond. The
energy of the optimized closed ring isomer was set to zero.

The point represented by a red star corresponds to the optimized conical inter-
section point, where the intersection between the ground and excited state surface

takes place [146]. At the conical intersection point the eigenvalue of the electronic
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Fig. 4.5: Energies of the stationary points optimized at cas(10,10)/6-31g(d) level of theory.

state are degenerate and the non-adiabatic coupling terms, that are usually small
in the hamiltonian expression, become non-negligible. If the energies are plotted
against two special internal coordinates, defining the so-called branching space ,the
two potential energy surfaces assume the double cone shape. In particular, the two
coordinates correspond to the gradient difference vector and derivative coupling vec-
tor. Motion on the branching plane lifts the degeneracy between the electronic states.
The optimization of the conical intersection [147] is carried out with the constrain
that the energy difference between the ground and excited state is minimized.
Once photoexcited, the closed ring M-CHD undergoes a relaxation reaching a
minimum energy structure on excited state surface. The relaxation pathway does not
involve the C'C' reactive bond, but it regards mainly the C'C' bonds chain shown in red

in Figure 4.6. The main structural parameters of the stationary points are reported
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Fig. 4.6: Main distances (A) of the structures involved in opening ring reaction.

in Figure 4.6. The variations on fluorinated cyclopentane in all the structures are
negligible.

In spite the nuclear relaxation, the M-CHD structure at the minimum of the
excited state surface keeps the symmetry. On the other hand, the symmetry of
the CI structure is completely broken. An energetic barrier separates the conical
intersection point from the excited state minimum, that is about 20 kcal /mol more
stable. The CI represents the crossing point between the ground and first excited
state surfaces. The system evolves in the open ring product throughout this point.
The structure is characterized by the CC' reactive distance of 2.18 A that is going to

break. The thiophene rings resemble their ground state structure, but it has to be
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noted that one SC bond with a distance of 1.89 A tends to break. This is probably
the origin of a side reaction involving the dissociation of the C-S bond [140]. The
system drops down again to the ground state forming the open ring product, that

is about 18 Kcal/mol more stable than the closed isomer.

4.4 Excited state AIMD: extending the time re-
solved vibrational analyisis

Upon excitation F-CHD undergoes a strong vibrational activity depicting the nu-
clear evolution on the excited state PES. Time resolved vibrational bands were the
subject of a deep experimental investigation aiming at the understanding how the
evolution of the normal modes could be responsible of the barrier crossing toward
the conical intersection point [134]. Two groups of vibrational modes were identified
as strongly coupled to each other. In particular, the first group is composed by
CC stretching (1181 em™ and 1333 ecm™) and CCC bending (467 cm™) localized
on cyclohexadiene and thiophene rings and they are coupled to the low frequency
wagging motions of the methyl groups on cyclohexadiene ring (191 cm™). On the
other hand, C'C stretching and CCC bending modes of the peripherical phenil rings
belong to the second group and are supposed to be coupled with the low frequency
asymmetrical whole molecule bending. The modes belonging to the first group were
labeled as 'reactive’, because of that coupling would be responsible of the barrier
crossing and the subsequent opening ring reaction throughout the conical intersec-

tion. The modes of the second type were instead recognized as 'unreactive’ The
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coupling was proven by means of the analysis of the intensity and frequency oscil-
lation of the time resolved vibrational bands. More closely, high frequency motions
(stretching and bending) have oscillating behavior modulated by the low frequency
modes (i.e. methyl wagging) [134]. The oscillation period corresponds to the fre-
quency of the modulating modes. In the following discussion, the focus will be on
the modes belonging to the first 'reactive’ group and the coupling between them.
The adopted strategy, as usual, includes excited state ab-initio molecular dynamics,
together with the time resolved vibrational analysis based on the wavelet transform.
This procedure allowed us to follow in real time the sequential activation of some
key normal modes in case of photoactivated pyranine in water solution. The next
step will be the quantitative analysis of the time resolved signals coming from the
wavelet maps, to get information about the anharmonic coupling. The method de-
veloped and applied in the previous chapters is here extended and tested to the
challenging case of photoexcited F-CHD. A first insight about the response of the
nuclei to the photoexcitation and to the new electronic arrangement can be obtained
analyzing the average values in both ground and excited state of some key bonds of
the central moiety. Following the labels appointed in Figure 4.7, the average values
of all the bonds of the central four ring system, in both the ground and excited
state, are shown in Table 4.1. It’s worth comparing the ground and excited state
behavior considering the contours of the frontiers orbitals (HOMO-LUMO in Fig-

ure 4.2) involved in the transition leading to the electronic state of interest. Going
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from the ground to the excited state, CC5-CC6 bonds of the cyclohexadiene ring
and CC9-CC10 of the thiophene rings become more stretched from a typical double
bond value in the ground state (1.37 A) to average values of 1.42 -1.40 A in excited
state (CC5-CC6 and CCI9-CC10 respectively). It happens according to a depletion
of electronic density on that bonds, as it’s possible to see from the frontier orbitals
(see Figure 4.2). On the other hand, an increase of density on bonds CC2, CCS3,
CCY (cyclohexadiene) and CC7, CC8 (thiophenes) is observed, making the bonds
shorter in excited state. It’s interesting to note that the excited state nuclear ar-
rangement makes on average the bond chain CC7-CC5-CC2-CC6-CCS of the same
length 1.42 A, in the middle of a single and double bond value. The variations
around the fluorinated cyclopentane are negligible, so that great part of the nuclear
rearrangement involves the conjugated three rings system. As already mentioned,
the depletion of electronic density on C'C'1 bond, makes it more stretched in excited
state (from average value of 1.55 A in ground state to 1.60 A in excited state).
The CCT bond is therefore more subject to break in excited state just as result
of the new electronic arrangement. Figure 4.8 shows the time evolution of the
C'C1 in both ground and excited state. Greater oscillations are observed in excited
state, and the maximum value reached corresponds to a CC distance of 1.75 A. As
already shown for the energetic profiles in the precious section, the CC distance of
1.75 A represents a threshold value in which the non-adiabatic coupling between the

electronic states remains low. Beyond this, the electronic surfaces become too close
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Bond GS (A) ES (A)
CCl 155 1.60
CC2 147 1.42
CC3 154 1.52
CcC4 154 1.52
CC5 137 1.42
CCc6 137 1.42
CC7T 145 1.42
cCcs 145 1.42
cco 137 1.40
CCl0  1.37 1.40
cci1r 177 1.76
ccl2 177 1.76
CS13 1.87 1.84
CS14  1.87 1.84
CCl5  1.51 1.50
CCl6  1.51 1.50
CC17  1.56 1.56
CC18  1.56 1.56

Fig. 4.7: Numeration used to tag the central Table 4.1: Main distanced

moiety of F-CHD (A) averaged from the
ground and excited state
AIMD simulations

and a dynamical sampling based on a single reference electronic method would be
no longer suitable. The excited state average values are computed on a trajectory
that starting from the Franck-Condon region describes the nuclear relaxation, the
fluctuations around the excited state minimum and the sampling of the barrier
toward the CI (until a CC distance of 1.75 A, but no further). The oscillations of
the C'C' bond affect strongly the energetic gap between the ground and the first
excited state. In Figure 4.8 the overlap between the excited state fluctuations of the
CC distance and the Sp-S; energy difference is shown. The maxima of the energy
difference (blue line) correspond to the minima of C'C' distance (red line) over the
time. This means that the larger the C'C distance, the smaller the energy gap

between the electronic surfaces. The CC? oscillations with minima and maxima
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Fig. 4.8: a) Time evolution of the CC1 distance in both ground (blue) and excited state(red). b)
Comparison between the normalized fluctuactions of the CC1 distance in excited state (red line)
and the energy gap between the ground and excited state (blue line).

over the time, are associated to other nuclear motions, in particular to the modes of
methyl groups on C'CI1 bond.

In the closed ring specie, the methyl groups are basically perpendicular to the
thiophenes ring plane. The open ring product is instead characterized by the methyl
groups in the plane of thiophenes rings. The methyl wagging normal mode reports
about this motion, and it was experimentally identified at the frequency of 191
cm™ [134]. The 2D wavelet maps of the methyl wagging extracted by the excited
state trajectory is shown in Figure 4.9. The time resolved band of the wagging wag
is centered at 200 cm™, in fair agreement with the experimental one. The methyl
wag is the low frequency mode recognized as coupled and modulating of the higher

frequency modes localized on the central rings. These high frequency modes are:
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CC stretching on cyclohexadiene ring (experimental frequency of 1181 em™) [134],
the CC stretching localized on thiophenes (exp 1333 cm™) and the CCC bending of
cyclohexadiene and thiophenes (exp. 467 cm™). The corresponding wavelet 2D maps
are reported in Figure 4.10, 4.11 and 4.12 respectively. Two kind of C'C' stretching
are analyzed: the C'C stretching on the central ring and on the thiophenes rings,
with AIMD frequencies of 1186 cm™ and 1380 cm™ respectively. The wavelet maps
of the two type of stretching ( see Figure 4.10a and 4.11a ) shows intensity and
frequency oscillations over the time. In order to unveiling the coupling with the
methyl wagging mode, a quantitative analysis of the time dependent frequencies is
performed. In particular, the frequencies corresponding to the maximum intensity
are extracted from the time resolved wavelet output ( in Figure 4.10c and 4.11c).
A discrete fourier transform is then performed on the oscillations of the maximum
intensity in order to reveal the frequency ruling the oscillations. The discrete fourier
transform of the time resolved maximum intensity associated to the C'C' stretching
modes are shown in Figure 4.10d and 4.11d. In both cases, the F'T shows that the
main frequency modulating the intensity oscillation of the C'C' stretching mode is at
190 cm™, matching the methyl wags frequency.

The 2D wavelet maps of the CCC bending of the cyclohexadiene and thiophenes
is quite complex (Figure 4.12a). The signal of interest is centered at the frequency of
469 cm™! (AIMD frequency), but it is not the only contribution to the spectrum. The

C'CC bending involving cyclohexadiene and tiophenes ring participate to another
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deformation mode at 690 cm™. Extracting a structural parameter from a trajectory
and analyzing it in the frequency domain, allows to see all the vibration modes
having it as component. In this case, the CCC bending is a component of both
the vibrational modes at 469 cm™ and 690 cm™ and the wavelet map ends up
to show both of them. In spite of the complexity, the wavelet map of the CCC
bending has interesting features, because it shows also a contribution at about 200
cm™. Because the CCC bending does not participate to any modes around 200
cm™, the signal appears as result of the anharmonic coupling with the methyl wags.
Moreover, the intensity oscillation corresponding to the frequency centered at 469
cm™ are extracted and analyzed. The TF of the maximum intensity over the time (
Figure 4.12d) shows the signal at 191 cm™, confirming the coupling with the methyl
wags. Our findings are in agreement with the experimental evidences [134] of a
coupling between the methyl wags (as modulating mode) and the CC' stretching
and C'CC bending modes. The quantitative analysis of the time resolved bands has
been applied for the first time and it has provided satisfactory results. The procedure

will be definitely subject of improvements aiming in particular at the computation

of the anharmonic constant.
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Concluding remarks

The target of the Ph.D project was the development and the validation of an inte-
grated computational protocol for the study of ultrafast dynamics in photochemistry.
In particular, we have dealt with the simulation and the analysis of the nuclear dy-
namics induced by the photoexcitation, trying to reconstruct reaction mechanisms,
with atomistic details and dynamical insight. Many efforts were devoted to combine
ab-initio molecular dynamics scheme with a rational vibrational analysis. Accord-
ing to the adopted recipe, vibrational modes are defined from ab-initio dynamics
trajectories, collected in both ground and excited state. This approach shows some
advantages: 1) It opens up the possibility of getting vibrational information study-
ing molecules in their realistic environment, such as chromophore in solution 2)
The anharmonicity effects are naturally taken into account 3) we can extract time
dependent functions, on which we can perform time resolved analysis by means
of the wavelet transform. Moreover, in this work of thesis, the vibrational analysis
procedure was extended to the study of nuclear relaxation induced by the photoexci-
tation. Indeed, for the first time, the wavelet transform was employed on vibrational

modes defined by means of the excited state dynamics. The time resolved analy-
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sis is definitely fundamental to the investigation of far-for equilibrium events, i.e.
events having intrinsically a lifetime. For instance, in our case, the multiresolution
wavelet analysis allows for recognize when and where vibrational modes rise and
decay. This means that we can follow in real time how a photochemical reaction
proceeds. The theoretical-computational procedure was applied and tested an two
popular molecules, that find many applications in the photochemistry field: the
photoacid pyranine molecule and a photochromic molecule belonging to the class of
diarylethenes.

The main actor of the first part of the work was the 8-hydroxypyrene-1,3,6-
trisulfonic acid or pyranine. Within the class of photoacids molecules, pyranine is
classified as weak photoacid. The origin of pyranine photoreactivity cannot be simply
interpreted and explained in terms of the electronic density redistribution respond-
ing to the external perturbation, but rather the subsequent nuclear dynamics turned
out to be essential in promoting the ESPT reaction. Our findings support the idea
that the nuclear photorelaxation of pyranine is finely controlled by the sequential ac-
tivation of transient vibrational modes. Starting from the photoexcitation, the time
window of 1 ps is a suitable time to watch the low frequency modes lifetime. All the
modes have a quite complex composition, involving all the molecular skeleton. The
wavelet maps reproduce the sequential activation of the main vibrational modes, in
fair agreement with the experimental findings. The method employed is able to pro-

vide an accurate picture about the time evolution of the photoactivated vibrational
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modes, matching in all cases the kinetics time constants of the experimental signals.
Moreover, they have the key role of optimizing the structural arrangement with the
hydrogen bonded water molecule. In particular, some low frequency modes such as
the ring breathing mode (190 cm™), ring out of plane wagging (113 cm™) or the ring
deformation mode (280 cm™) are involved in modulation of intermolecular distances
and orientation with the water solvent molecule hydrogen bonded to phenolic group
of pyranine.

HPTS chromophore is very sensitive to the environment, and if a base like ac-
etate is present in water solution the reaction became faster (sub-ps). Depending
on the acetate concentration, different ESPT mechanisms can be modelled, in par-
ticular a direct ESPT reaction from pyranine to acetate is promoted at high con-
centration of acetate base. Otherwise, one or more intervening water molecules can
directly modulate the proton hop from pyranine to acetate. The direct ESPT re-
action from pyranine to acetate occurs in sub-ps time scale and it strictly depends
on the choice of the starting point. In particular, the solvation around the phenolic
oxygen of pyranine and relative orientation of pyranine-acetate are the two factors
that strongly affect the ESPT kinetic. The excited state proton transfer reaction
involving the pyranine-water-acetate cluster is an intermediate situation between
pyranine in pure water and pyranine-acetate. In the first case, before the ESPT
event the sequential activation of low frequencies vibrational modes is necessary to

induce a structural optimization between the proton donor-acceptor pair. On the
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other hand for what regards the pyranine-acetate system the reaction is basically
barrierless and the nuclear rearrangement is not required. The presence of acetate,
for the pyranine-water-acetate cluster, obviously makes the ESPT faster, but the
central water suggests that low frequencies skeleton modes have to optimize as well
the structural arrangement of the reactive site. Ring breathing and out of plane
wagging modes have been identified and recognized again as a key modes coupled
to the motion of hydrogen bonded water molecule.

In the last part of the work, the time resolved analysis was extended and tested
to study the anharmonic coupling between vibrational modes. The case study is
represented by a diarylethenes photochromic molecule, that in excited state un-
dergoes an opening ring reaction. The characteristic intensity oscillations of some
vibrational signals appear clearly in the wavelet maps. This suggests an anharmonic
coupling with some low frequency modes. In particular, we found that the coupling
between high and low frequency modes localized on the central cyclohexadiene ring
would promote the opening reaction. The quantitative analysis of the time resolved
bands has been applied here for the first time, providing satisfactory results. It is a
promising approach, that can be further improved, in particular for the calculations
of anharmonic constants.

We presented a theoretical-computational procedure that allows for the simula-
tion and investigation at atomistic level of complex photoinduced reactions on the

time scale of nuclear motions. It makes possible to follow in real time the nuclear
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dynamics in terms of vibrational modes, allowing a direct comparison with the ex-
periments of time resolved time resolved vibrational spectroscopy. The vibrational
analysis associated to the ab-initio molecular dynamics scheme has given excellent
results, in fair agreement with experimental data. It could be very promising in
supporting the advanced time resolved spectroscopic techniques. In next step, the
quantitative analysis of the time resolved vibrational bands of the wavelet maps,
could be extended and improved. For example, it could be interesting to under-
stand how the coupling between vibrational modes changes over the time or from
the ground to excited state surface. In general, the anharmonicity provides infor-
mation about the shape of the PES(s) and it is essential to improve our knowledge

about the structure/reactivity of the molecules.
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Pyranine Dynamics: Computational details

The pyranine solute was located at the center of a water molecules sphere of a radius
19 A: the structureless solvent surrounding the explicit sphere completes the hybrid
explicit /implicit solvation model. Non periodic boundary conditions accounts for
the interactions between the explicit molecular system and the implicit bulk solvent
with both the electrostatic and dispersion-repulsion interactions [125-127]. The
solvent molecules are explicitely represented by the TIP3P water model [148], while
the implicit bulk solvent by the polarizable continuum model, in conductor-like
version (C-PCM) [149,150]. The explicit system itself is treated at different levels
of theory according to the hybrid QM /MM ONIOM extrapolation scheme [45, 46].
In particular, the pyranine molecule is described by DFT and TD-DFT [41] in the
ground and S excited state, respectively, by adopting the global hybrid B3LYP
[151-153] functional and the 6-31g(d,p) basis set. The so- built energy potential
ruled the AIMD simulations in both ground and excited state. The ground state
sampling was performed by means of the atom-centered density matrix propagation

(ADMP) method [91]. After 5 ps of equilibration, the trajectory was collected for
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10 ps with a time step of 0.2 fs. From the ground state trajectory, a configuration
representative of the equilibrium was chosen as starting point of the excited state
dynamics. In order to collect an excited state trajectory a Born-Oppenheimer ab-
initio dynamics [83] was instead employed, where the excited state energies and
gradients were calculated on-the-fly by linear response TD-DFT formalism.

The same level of theory and dynamics scheme were employed for modeling the
direct pyranine-acetate and modulated pyranine-water system. The only difference
is that the QM region is defined by pyranine and acetate and pyranine, water and
acetate molecules respectively. In case of the pyranine-water-acetate cluster the
QM/MM partition was extended for collecting the excited state trajectory. In par-
ticular four excited state trajectory include one, two, three and five solvent water
molecules in addition to the QM cluster of the ground state. All the calculations

were carried out with the Gaussian program suite.
F-CHD Dynamics: Computational details

F-CHD was treated at density functional theory level, adopting the global hybrid
functional B3LYP [151-153], in combination with the 6-31g(d,p) basis set. The
excited state potential energy surface was explored by the time-dependent DFT
(TD-DFT) at the same level of theory. The ground state sampling was performed
by means of the atom-centered density matrix propagation (ADMP) method [91].
After 2 ps of equilibration, the trajectory was collected for 5 ps with a time step

of 0.2 fs. From the ground state trajectory, a configuration representative of the
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equilibrium was chosen as starting point of the excited state propagation according

to the BOMD/TD-DFT [83] dynamics scheme.
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