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Abstract.

Rhodamine B (RB) is a positively charged organic dye which has been successfully ex-
ploited in the synthesis of light harvesting (LH) nano-antennas. These antenna systems are
characterized by networks in which thousands of RB dyes can harvest light and efficiently
transfer their excitation energy to a single final acceptor molecule. Since RB is prone to
form dimers acting as quenchers for the fluorescence, high energy transfer (ET) efficiencies
can be reached only when using bulky and hydrophobic counterions that are able to pre-
vent the RB dimerization, acting as spacers between dyes. In this PhD thesis, a multiscale
theoretical study aimed at providing insights into the structural, photophysical and optical
properties of RB and its aggregates is presented. At the macroscopic level, the atomistic
details are completely neglected and a phenomenological theoretical model can be conceived
for describing the fluorescence decay of RB networks detected experimentally. A model
taking into account the effect of both the quenching from dimers and the exciton-exciton
annihiliation is presented and analyzed. The results of such macrospcopic model showed
that the quenching due to RB dimers produces an acceleration in the long time scale of the
fluorescence decay, which can be exploited in global fitting analysis procedures to determine
relevant chemical and photophysical information. At the mesoscopic level, the atomistic
structure of the system is considered but the electronic structure of the involved species is
completely neglected. In this context, the RB aggregation in water solution in presence of
different kinds of counterions has been studied with molecular dynamics (MD) simulations.
In particular, a new classical force field (FF) has been carefully parametrized for correctly
describing the RB flexibility and the RB-RB interaction driving the dimerization. The MD
simulations performed employing the newly developed FF resulted to be in full agreement
with the experimental evidences: the RB/counterion aggregation occurs only in presence of
bulky and hydrophobic counterions, while is absent if a small anion is used as RB counterion.
The results demonstrated the hypothesis that bulky and hydrophobic anions act as spacers,
preventing the formation of fluorescence quenching species, such as the H dimers. Finally,
at the microscopic level a full description of the electronic structure of molecular species was
considered by means of Density Functional Theory (DFT) methodologies. DFT calculations
have been used to further demonstrate the capability of bulky counterions to hinder the
formation of stacked dimers but also to characterize the RB electronic excited states and to
investigate the photophysical properties of RB dimers. Regarding the latter, several com-
monly used exchange-correlation functionals have been tested within a time-dependent DFT
(TD-DFT) approach, showing that a correct reproduction of electronic transition energies
for RB and its dimers is far from trivial. Moreover, it has been shown that the standard
procedures proposed in literature for obtaining ad hoc optimized DFT functionals do not



work properly for the case of RB and its dimers. The detailed analysis on the effect of the
various functional parameters has showed that the short range Hartree-Fock exchange is the
crucial quantity for ameliorating the TD-DFT performances. As a consequence, a new class
of range-separated hybrid functionals containing a proper and physically motivated amount
of such an exchange has been proposed and successfully tested on RB dimers.



Introduction.

The work presented in this PhD thesis stems from a scientific collaboration of our group with
two research groups from Strasbourg University and CNRS, France, (Dr. A. Klymchenko,
Prof. P. Didier and Dr. J. Léonard), in the framework of a joint project aimed at char-
acterizing and optimizing the energy transfer (ET) properties of artificial light-harvesting
(LH) nanomaterials (LHNANOMAT, AAPG2019, CE9: 8.11 “Nanomatériaux et nanotech-
nologies pour les produits du futur”). These nanosystems are based on the rhodamine B
(RB) organic dye and consist of polymeric nanoparticles (NPs) in which thousands of RBs
are embedded to form dye networks able to harvest the solar light and transfer the energy
to a single final acceptor [1]. The technological relevance of such nanosystems is associated
to the high ET efficiency observed in the RB networks, and it has been shown that high
efficiencies can be achieved only by combining the cationic RB with the use of specific bulky
and hydrophobic counterions [2]. Indeed, RB is well known for its tendency to aggregate
and certain type of RB dimers (as well as larger oligomers) have been experimentally found
to be quenchers for the fluorescence [3, 4]. Indeed, aggregations featuring closely interacting
dyes within the NPs’ networks can be responsible for the loss of excitations from the net-
work. In this context, bulky and hydrophobic counterions are able to successfully hinder the
RB-RB dimerization within the NPs working as spacers between dyes without affecting their
intrinsic photophysical properties, thereby ensuring high ET efficiencies of dye networks.
As computational chemists, our tasks in the project aimed at the interpretation of the
experimental results provided by our collaborators by means of reliable theoretical modeling
and simulations. We chose to set up a multiscale theoretical approach (from macro-, to
meso-, to micro-scopic level) in order to attack the complexity of the scientific problem under
investigation, mainly focusing on the effect of dimerization within RB/counterion networks
in the target NPs. The first part of our study regarded the simulation of ET processes
happening in polymeric NPs at the macroscopic scale, in which the atomistic detail of the
network structure is completely neglected by assuming a homogeneous distribution of RBs
involving a certain amount of RB dimers with fluorescence quenching properties. The second
part focused on the simulations of RB aggregation at the mesoscopic level, with the dyes’
organization within the aggregates being fully described at the atomistic level but totally
neglecting the electronic structure of each molecule. Such a study has been performed by
means of molecular dynamics (MD) simulations aimed at reproducing the aggregation of
RB molecules induced by the presence of the hydrophobic and bulky counterions in water
solution (that is, in absence of the polymeric medium), focusing in particular in determining
the dimerization extent within the NPs composed of RBs and couterions. Such simplified
nano-aggregates are of extreme theoretical interest because, first, their study can provide a
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Figure 1: Light-harvesting nano-antennas based on RB. On the left, a schematic repre-
sentation of the energy transfer among RB units (in green) through which the
excitation reach the final acceptor (in red). Blu triangles represent the bulky
counterions acting as spacers for the dyes. On the right, a hypothetical arrange-
ments of RB/counterions in a nanometric polymeric matrix.

primary structural characterization of RB aggregation at the atomistic level and, secondly,
such NPs have been experimentally found to feature ET properties which are very similar
to those observed in the polymeric NPs [5]. Finally, the third part of our study regarded
the investigation of structural and electronic properties of monomeric and dimeric species at
the microscopic level, employing quantum mechanical (QM) calculations based on density
functional theory (DFT). The results of our multiscale studies are presented in this thesis
with the organization described below.

In Chapter 1, a brief summary on the optical and photophysical properties of RB and its
dimer are reported along with relevant experimental data (provided by our collaborators).
Such data comprise: i) the experimental evidences associated to RB dimerization in solution;
ii) the evidence of exciton-exction annihilation (EEA) processes within the LH NPs; and iii)
a detailed spectroscopic study carried out on chemically synthetized covalently linked RB
pairs.

In Chapter 2, the macroscopic model conceived for the purpose of fitting the experimental
fluorescence decays of LH NPs is presented, including all possible photophysical processes
that could happen within the RB network. The phenomena included in the macroscopic
models are: i) the ET processes moving the excitations through the dyes (considering two
possible mechanisms), ii) the fluorescence quenching due to dimers and iii) the EEA.

In Chapter 3, the results of MD simulations aimed at describing the RB aggregation in
water are reported, with the aim of determining the effects of bulky hydrophobic counterions.
In order to perform reliable simulations, a new Force Field for RB monomers and dimers
has been carefully parametrized, providing a reliable reproduction of the RB intramolecular
flexibility and of the RB-RB interactions.

In Chapter 4, two types of QM studies are reported, involving respectively the geometri-
cal and the electronic structure characterizations of RB dimers both investigated by means
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of DFT methods. The first study aimed at the quantification of how the stability of vari-
ous dimers conformations are affected by the presence of different counterions. The second
study focused on the calculation of the excited states of RB monomers and dimers aimed at
determining their photophysical properties with particular attention on the description of
dark charge transfer states, which are of crucial importance in assessing the dimers optical
behavior. In particular, the performance of the most commonly used exchange-correlation
functionals is firstly extensively analyzed, showing that a correct reproduction of experimen-
tal data, such as the monomer and dimer transition energies, is far from trivial. Secondly, it
is shown that the standard procedures proposed in literature for obtaining ad hoc optimized
DFT functionals do not work properly for the case of RB and its dimers. Finally, based
on a detailed analysis of how the functional parameters affect the results, it is proposed
a new recipe for obtaining a reliable DFT functional able to reproduce the desired optical
properties.

Each chapter is structured with a first part containing the theoretical background of the
methodology used, in the second part, to obtain results that are then discussed.
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Chapter 1

Rhodamine B based
Light-Harvesting Systems

1.1 The Optical Properties of Rhodamine B

Rhodamine B (RB) is a xanthene derivative organic dye that by virtue of its remarkable
optical properties has been exploited in a wide range of technological applications, including
fluorescent probes [7], chromic materials [8], thermal lenses [9] and optical thermometers
for biological systems [10]. The molecular structure of RB, the transition dipole moment
of its main electronic (HOMO to LUMO, i.e. H-L) excitation and its absorption spectra
are depicted in Figure 1.1, showing a vibronic progression featuring a shoulder that is blue
shifted with respect to the main absorption peak. The most important optical property of
RB is the high fluorescence quantum yield [6] of this electronic excitation. However, RB has
a large tendency to form dimers, which are well known to be responsible for the quenching
of its fluorescence.

Even in solution, the RB dimerization can be directly observed by simply increasing the
dye concentration up to few micromolar units [11]. In fact, the spectroscopic fingerprints
of dimers have been straightforwardly identified since the late 80’s, basing on fundamental
exciton theory [12]. Upon increasing the concentration, indeed, the RB absorption spectrum
shows a slight red shift of the main peak accompanied by a sensible increase of the relative
intensity of the vibronic blue-shifted shoulder. The formation of J dimers is expected to
red shift the main peak, while H dimers, associated to the m-m stacking of the xanthene
moieties, are expected to generate a blue shifted peak, lying very close in wavelength to
the the monomeric vibronic shoulder, thus increasing its relative intensity.[11] Regarding
the emission, the exciton theory predicts that H dimers generate low lying non-emitting
(i.e. dark) states that can be populated from the higher absorbing (i.e. bright) state
through an internal conversion mechanism, quenching the RB fluorescence. This prediction is
indeed experimentally observed: other than raising the shoulder intensity, the concentration
increase always provokes a strong drop of fluorescence quantum yield (FQY) [3, 4]. On
the other hand, J dimers formation, generating a red shifted peak also in emission, is not
clearly detected in solution while it was straightforwardly observed in systems in which RB
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Figure 1.1: RB chemical structure with the transition dipole moment of its main (H-L) elec-
tronic excitation (red arrow) and its absorption spectrum (in water), featuring
the typical vibronic progression and a clearly detectable blue-shifted shoulder.

is adsorbed on substrates such as quartz plates [13], mineral clays [14] and silica dip-coated
films [15].

1.2 Rhodamine B in Light-Harvesting Nanomaterials

One of the most promising RB technological application is in artificial LH nanomaterials.
In particular, RB alkylated derivatives have been successfully employed as the fundamental
units for building photoactive dye networks encapsulated in polymeric nanoparticles (NPs),
showing fascinating collective optical properties such a as the reversible on/off switching
of the single-particle fluorescence [2]. This phenomenon makes such systems of extreme
technological interest, because it suggests that the excitation can easily migrate throughout
the network via energy transfer (ET) among RB dyes, thereby allowing a single quencher
molecule (if present) to suppress the fluorescence of the whole NP. These polymeric nanosys-
tems have been in turn exploited to create giant LH nano-antennas [1], in which the dye
network harvests the solar light and transfer the excitation energy from thousands of RBs
to a single final acceptor molecule. In this way, the emission intensity of the single molecule
acceptor is impressively enhanced to such an extent that it can be detected even with a light
intensity 10.000 times lower than that generally required in single-molecule measurements.

The RB tendency towards dimerization has been observed also in LH nanomaterials:
indeed, also in these systems the increase of the dye loading is always accompanied by an
increase of the RB dimerization, which manifest itself through the same spectroscopic fin-
gerprints observed in solutions, [2, 1] as describe above. Clearly, dimerization represents a
serious issue for the efficiency of LH because of the quenching channels provided by dimers.
Therefore, several efforts have been made in order to hinder as much as possible the dimer-
ization extent. A successful chemical strategy consists in hindering the RB-RB interaction
(i) by introducing bulky counterions able to bound RB thus acting as a spacer among dyes
and (ii) by attaching very long and cumbersome alkylic chains on the carboxylic group of
RB. Very interestingly, the counterion has turned out to be a fundamental ruler which can
be exploited by chemists to regulate the network formation and thereby the nanosystem
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Figure 1.2: (A) Chemical structure of alkylated RB and F5TPB counterion used for build-
ing LH NPs. (B) Absorption spectra of single NPs showing the shoulder raising
upon increasing the RB loading (expressed as weight percentage). (C) Fluores-
cence decays for single NP measured upon increasing the light pulse power (in
wJ). The fingerprint of EEA is the decay acceleration as function of the light
power.

photoactivity [16]. For instance, other than the counterion’s size that clearly affects the
dimerization extent, another useful parameter is its hydrophobicity, which can be used to
regulate the encapsulation of the dyes within the polymer matrix and also the dispersion
degree of the dyes within the network. Another parameter that can be used to regulate
the network formation is represented by the kind of polymer employed: for example, the
polymer hydrophobicity has been found to be another ruler for the dispersion degree of the
dyes within the network [17]. A counterion that has been proved to successfully prevents the
dimerization is the derivative of tetraphenylborate (TPB) having fully fluorinated phenyls
(namely F5TPB, as each phenyl bears 5 fluorine atoms), whose structure is depicted in Fig-
ure 1.2A, close by the structure of the RB octadecyl ester, a modified version of RB that has
been used for building efficient LH NPs [2, 1]. Despite the combination of bulky counterions
and long alkylic chains really helps in reducing the dimerization, the dimers formation can
not be totally prevented. Figure 1.2B reports the absorption spectrum and the FQY of NPs
[2], showing how the presence of dimerization is still evident although being very reduced. In
fact, upon increasing the RB loading, the blue-shifted shoulder in the absorption spectrum
slightly increases and FQY slightly decreases, thus indicating that a certain extent of H
dimers is still present.

Other than quenching from dimers, another optical feature experimentally observed in
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Figure 1.3: (A) Chemical structure of the RB-C-RB covalently linked couple (N=2,12).
(B) FQY values for the RB-C-RB solutions in dioxane clearly showing the
counterion effect on the dimerization.

LH NPs is the presence of a fascinating ET process involving two excited dyes, i.e. the
so called exciton-exciton annihilation (EEA) responsible for an acceleration of the loss of
excitations (or excitons) from the system. The presence of EEA can be easily revealed by
measuring the fluorescence decay of the system in experiments involving laser pulses. Upon
increasing the light power of the excitation pulse, a higher number of RBs are excited, thus
increasing the probability of having EEA and accelerating the fluorescence decay. Figure
1.2C depicts a typical single NP’s fluorescence decay measurement, clearly showing the
acceleration of fluorescence decay obtained upon increasing the light power.

1.3 Experimental Evidences of Rhodamine B Dimeriza-
tion

In this section, some experimental measurements (courtesy of our collaborators from Stras-
bourg University) aimed to rationalize the RB dimerization are reported. The characteri-
zation of dimers’ photophysical properties focused on the use of bulky counterions to affect
the RB dimerization. In order to more easily induce the dimer formation, RB couples co-
valently linked through an alkylic chain connecting the two carboxylic groups (indicated as
RB-C-RB) have been synthesized. Two different chains composed by 2 and 12 carbon atoms
(labelled as C2 and C12, respectively) have been compared with the aim of elucidating how
photophysical properties change passing from the case in which the two RBs are forced to
be very close (C2) to the case in which they are allowed to be more spaced (C12). The
structure of such covalently linked RBs are depicted in Figure 1.3A. To test the counterion
effect, the bulky F5TPB (see Figure 1.2) has been compared with the small chloride anion.
All measurement discussed below refer to RB-C-RB solutions in dioxane. The FQY of these
solutions are reported in Figure 1.3B, from which the counterion effect is clearly evident.
Since the small CI~ counterion cannot act as a dye spacer, the two RBs can efficiently
dimerize, thus leading to a serious FQY drop, which can be imputed to the formation of
quenching stacked H dimers. Moreover, such a drop is observed with both linkers (C2 and
C12), suggesting that the very hydrophobic environment provided by dioxane always sta-
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Figure 1.4: Absorption and fluorescence spectra of RB-C-RB solutions in dioxane with C2
(A) and C12 (B) linkers, clearly showing how the counterion affects the RB
dimerization.

bilizes the stacking between RBs. On the other hand, the F5TPB counterion turns out to
efficiently prevent the dimerization, as indicated by the very high FQY values observed with
both linker chains. The associated absorption and emission spectra are reported in Figure
1.4. Regarding absorption spectra, the FQY drop observed with the Cl™ is, as expected,
associated to an increase of the absorption shoulder corresponding to the blue shifted H
dimers’ absorption. A rather striking result is that when passing from F5TPB to Cl~ a
slight red shift of the mean peak it is also observed. Such a red shift is normally imputed
to the formation of fluorescent J dimers, and this hypothesis is confirmed by the presence
of a red shift also in the main peak of fluorescence spectra. In summary, the F5TPB coun-
terion is found to efficiently act as a spacer for RBs preventing the formation of both H
and J dimers independently form the chain length. Such dimers are instead clearly formed
when using the C1~ counterion, for which the typical fingerprints of RB dimers are observed
(again, independently form the chain length), i.e. the FQY drop and the increasing of the
blue-shifted absorption shoulder (H dimers) along with the red shift of the main peak in
both absorption and fluorescence (J dimers).
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Chapter 2

Energy Transfer Dynamics in
Rhodamine B Networks

2.1 Theoretical Backgroud: The Macroscopic Models
for Energy Transfer Dynamics

2.1.1 The Forster Model for Energy Transfer

Energy transfer (ET) is a photophysical process through which an excited molecule is able
to transfer its excitation energy to a another molecule (in its ground state) which can be
even quite far from the excited one. A simple representation of this process is depicted in
figure 2.1: the donor (D) excited molecule relaxes to its ground state (GS) and its excitation
energy is immediately captured by the acceptor (A) molecule that therefore populates its
excited state (ES).

The theoretical description for the mechanism of moving the excitation energy through
ET among dyes dates back to the ‘50s. In his pioneering work, Theodore Forster presented
the quantum mechanical model who represented the milestone for calculating the rate con-
stant governing the ET [18, 19], which is nowadays referred to as the Forster’s resonance
ET (FRET) model [20, 21]. The FRET model assumes that the ET between two molecules

1stES (@)
: i FRET ?
D A

GS
D A

Figure 2.1: Pictorial representation of the FRET mechanism.
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Energy Transfer Dynamics in RB Networks

is governed by the interaction between their transition dipole moments. The formulation
leads to a handy expression that traces back the ET rate constant to few parameters directly
obtainable from experiments, such as the molecules’ radiative lifetime, FQY, absorption and
emission spectra. Considering a generic D-A couple, the FRET rate constant is given by

6
1 (R
kprer = p <};> (2.1)

where R is the D-A separation and the 1/RS dependence derives from the dipole-dipole
interaction energy, 7p is the donor’s fluorescence lifetime and Ry is the so called Forster
radius given by

¢ 91In(10) K?®p

= 2.2
Fo 128 mni N4 (2:2)

where ®p is the donor’s FQY, n is the refractive index of the medium, s is the geometrical
factor describing the relative orientation of transition dipole dipoles, N4 is the Avogadro’s
number and J is the so called spectral overlap given by the integral

7= [ Eh 00 (0x* ax 2:3)
where FP  is the normalized donor’s fluorescence spectrum lineshape and €2 is the ac-

ceptor’s molar extinction coefficient. Clearly, eq.(2.3) represents a strictly and physically
motivated condition for having the ET: the donors’ emission an the acceptor’s absorption
must share a spectral window, otherwise the overlap (and thus also the rate constant) is
Z€ero.

2.1.2 The Macroscopic Model of Time-Evolving Exciton Density

The FRET model is very useful to interpret the time-resolved fluorescence measurements
because it can be used for providing a connection between the microscopic ET processes
involving the individual D-A couples and the optical behaviour measured for the whole
macroscopic sample. For instance, based on FRET, macroscopic models can be developed to
quantitatively simulate the experimental fluorescence evolution. The fluorescence intensity
I can be assumed to be at each time proportional to the so called exciton density, C, defined
as the volume concentration of the emitting (excited) dyes. Considering the donor as the
emitting specie of interest, one thus assumes Cp(t) o I(t), where the proportionality is
normally experimentally accessible since the number of absorbing dyes can be in principle
exactly determined, at least immediately after the irradiation. The experimental data that
can be more easily simulated with such macroscopic models are the fluorescence decay
measurements, obtained by recording the fluorescence intensity evolving after the excitation
of the sample with a very rapid excitation pulse. In fact, with laser pulses there is not a
continuous source of excitation, so one needs only to known the initial exciton density to
study how the ET processes affect its evolution.

Macroscopic models are based on the following microscopic equation for the time evolu-
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tion of the exciton density [22]:

dCp(t) 3o e

o= —7CD ZZ/f[pda R,1)] (2.4)

where V is the system volume, Np and N4 are the total number of donor and acceptor
molecules respectively and f is a function describing the probability of having an ET from
the d-th donor to the a-th acceptor, expressed in terms of the D-A pair probability paq [23],
which quantifies the probability of having the D-A couple separated by R at a given time
t. This expression actually contains the full microscopic information of the system, and
integration over R means that all possible D-A spatial separations are taken into account.
When a homogeneous distribution of dyes is considered, proper approximations allow to
recast eq.(2.4) into a fully macroscopic equation which takes the general form

WCol) L)~ keat o) 29)
dt ™D

where k(t) is the macroscopic ET rate constant. In the following section, the two most widely
used models for the ET mechanism (with the associated f functions) are summarized and
discussed.

2.1.3 Energy Transfer Mechanisms and Macroscopic Models
The Direct FRET Mechanism

When the ET is assumed to happens through a direct FRET mechanism (often referred
to as the long range mechanism since it can involve also quite far D-A couples, see figure
2.2.A), the f function is simply given by

™D

6
lpanR0)] = — (f;) paa(R,1) (26)

and the kinetic constant for the macroscopic equation (2.5) is found to be [24]:

k(t) = %m—z& I (2.7)

Here, the t~/2 dependence can be interpreted with the fact that the ET rapidly happens
between close D-A couples, thereby reducing the probability of having further ET with the
passing of time.

Pure Diffusive ET Mechanism

A different, still widely used macroscopic model considers the excitation to be able to move
through donors and eventually reach the acceptor through a sequence of D-D ET steps,
for which one can consider the same mechanism of figure 2.1 but with the relaxed donor
replacing the relaxed acceptor. In a very simplified picture, the microscopic mechanism

19



Energy Transfer Dynamics in RB Networks

Excited
Donor DIRECT FRET Acceptor
A @ >@
Relaxed
Donor
Excited @

Donor Acceptor
DIFFUSIVE .
B ET R¢

Relaxed

=P

”~ ~
’
/7 .
Excited 4 \
Donor / Acceptor \
EFFECTIVE | P
C ‘ DIFFUSION |‘ Rer
Relaxed “ \ /
Donor * ’ ‘ \
” ‘* S 1’ 7 :
-

Figure 2.2: Schematic representation of possible ET mechanisms. (A) Direct FRET mech-
anism. (B) Diffusive ET mechanism involving a sequence of donor-donor ET
steps that is macroscopically described as a classical diffusion governed by a
simple diffusion coefficient D. The final ET to the acceptor is assumed to take
place when the excitation enters a contact sphere defined by the contact radius
Re. (C) Gosele ET mechanism describing the combined action of both direct
and diffusive ET as an effective diffusive mechanism driven by the usual diffu-
sion coefficient D but governed by a new contact radius Rgr.
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through which the D-D ET happens is ignored, and the excitation motion is assumed to
be governed simply by a diffusion coefficient D. Also the mechanism for the final D-A
ET is extremely simplified: ET is assumed to take place when the excitation driven by
diffusion enters a contact sphere centred on A and defined by a certain contact radius Rco
(see figure 2.2.B). In this mechanism, which has been originally developed for describing
chemical reactions driven by diffusion [23], the f function takes the form

f[pda(R’ t)] = Dv2pda(R> t) (28)

which describes how the pair probability is affected by the diffusion that moves the donor’s
excitation, thus destroying the D-A couple separated by R. Therefore, the integral over R
appearing in eq.(2.4) becomes the expression for the diffusion-driven flux through a generic
surface, and the ET rate constant is simply obtained by integrating for R > R¢, which leads
to the flux of the d-th donor through the contact sphere centred on the a-th acceptor. The
kinetic constant for the macroscopic equation (2.5) is found to be [23]:

k(t) = 8tDRc <1 + m) (2.9)

2.1.4 The Gosele Model

Gosele and collaborators derived a more complete macroscopic model in which the D-A
ET is allowed to happen through a combination of both the direct FRET and the diffusive
mechanisms [22, 24]. In this case, the f function is straightforwardly given by the sum

6
flpaal Bot) = (Z) paa(R.1) + DVpya (R 1) (2.10)

but this more complicated form makes impossible to analytically obtain an expression for
the kinetic constant, and for that reason authors employed several physically motivated
approximations to simplify the mathematical treatment. First of all, it is assumed that at
very short times the direct FRET immediately takes place while diffusion is considered to
have not started yet, i.e. eq.(2.10) reduces to eq.(2.6). This leads to a kinetic constant for
the short times analogous to that of eq.(2.7):

2 m
k t)=-7mRy | — 2.11
short( ) 3 0 TDt ( )
Secondly, it is assumed that for long times a stationary regime holds, i.e. the probability of
having a decay due to both mechanisms is considered constant in time, and the corresponding
kinetic constant (which becomes time independent) is found to be:

1/4

RS (2.12)

kiong = 47D 0.676 .
tong V1D

Finally, a reliable albeit approximate form for the global rate constant is assumed to be
simply given by summing the expressions for the two temporal limits, i.e. k(t) = ksport(t) +
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Figure 2.3: Pictorial representation of the EEA mechanism.

Eiong, which can be rewritten in a more compact form as

k(t) ~ 4rDRpr (1 4 fer ) (2.13)
Dt

where the following new ET radius has been introduced:

RS 1/4
Rpr = 0.676 \/7077 (2.14)

Since eq.(2.13) has the same form of the kinetic constant obtained for the diffusive mech-
anism, eq.(2.9), we can consider the combination of the two mechanism as a new effective
diffusion process having a new contact radius defined by eq.(2.14) (see figure 2.2C). The
Gosele’s kinetic constant has been re-obtained starting from a more sophisticated treatment
by Jang and collaborators [25].

2.1.5 The Exciton-Exciton Annihilation

Other than being the fundamental process through which excitation can move through the
network, ET is responsible also for a relaxation mechanism through which excitations are
depleted from the system. This phenomenon is referred to as exciton-exction annihilation
(EEA) and is considered to be due to an ET involving two excited donors. Indeed, when
the excited donor relaxes to its GS, its excitation energy can be captured by another excited
donor that is thereby promoted to a higher ES. But very energetic ESs are always close to
several other states that normally provide non-radiative decay pathways through internal
conversion processes. Therefore, after having promoted to a very energetic ES, the donor is
likely to rapidly relax back it to the low-lwing ES. This process as a whole coincides with a
net loss of excitations from the system (see figure 2.3). In pulsed time-resolved fluorescence
experiments, straightforward evidence for the presence of EEA is the acceleration of the
fluorescence signal decay upon increasing the power of the excitation light pulse (see figure
1.2C). Since powerful pulses excite a higher number of dyes, excitations become closer in
space thereby increasing their annihilation probability.
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The impact of EEA on the fluorescence decay has been studied using the Gosele’s model
by Lochbrunner and collaborators [26], who considered the following macroscopic equation
for the donor exciton density

dCp(t) 1 1 9
—=——20Cp(t) — =k H)CH(t 2.15
28 = ——Cp(t) ~ 5kuEalICH() (215)
and introduced an EEA rate constant given by an annihilation Forster radius Rp+p+ (in
which it is highlighted that both donors are excited) having the same form of eq.(2.2)
but with a spectral overlap expression calculated using the excited state absorption (ESA)
spectrum of the donor:

R
kppa(t) ~ 4rDRppa (1 + %) (2.16)
R\
Rppa = 0.676 \77% (2.17)
9 In(10) K2®p

O gy = D 2.1
b+ = T3 7opan, /PS4 (2.18)
Tesa = [ FEm(NeBsa (X" dn (2.19)

2.2 A New Macroscopic Models for Exciton Density De-
cay in RB Networks

2.2.1 Inclusion of EEA and Quenchers.

In this section, a new macroscopic model conceived to account for both the EEA and the
presence of fluorescence quenching is proposed. The model has been developed to be directly
applied for describing the experimental fluorescence decays of the LH NPs presented in
section 1.2. In fact, both the EEA phenomena and the presence of quenchers (in particular
RB dimers) occur wheh the LH systems are baed on a network of RB dyes. Since the
exact structure of the RB network within NPs cannot be experimentally determined, a
homogeneous (or random) distribution of RBs is assumed and the Gosele model is used for
describing both the EEA and quenching mechanisms. The time-dependent exciton density is
determined by solving a system of two coupled differential equations, describing respectively
the exciton density of RB (hereafter indicated as the excited donor, D) and its dimers
(hereafter indicated as the quencher, Q):

%;(t) = _%CD(t) - %kEEA(t)CZD(t) — ko (t)Cp(t) [C&Ot — C'Q(t)] (2.20)
dcﬁt(t) = —TIQCQ(??) +ko(t)Cp(t)[CH" — Co(t)] (2.21)

where C{* and 7¢ are the total concentration of the quenching dimers and the non-radiative

lifetime of the quencher respectively, and Cg’t — Cp(t) is the concentration of relaxed
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Figure 2.4: The two possible mechanisms for the exciton loss in RB networks. Within
the framework of Gosele model, both EEA and quenching from RB dimers are
described as effective diffusive mechanisms.

quenchers. The rate constant for the EEA is given by eq.s (2.16) and (2.17) while the
rate constant for D-Q ET responsible for the RB fluorescence quenching is expressed in
term of the quenching Forster radius Rp«q:

kq(t) ~ 4 DR (1 + ]7’:% t) (2.22)
1/4
RS0
Ro = 0.676 2.23
N < \/TT)> (2.23)

Moreover, the diffusion accounting for the excitations mobility within the network is assumed
to happen through a Foérster hopping mechanism constituted by D-D ET steps. The diffusion
coefficient for such a mechanism can be calcualted as [27, 28]:

RG 4 4/3
D =n-2D (wgo‘f) (2.24)
D 3

where C5" is the total RB concentration, Rp-p is the Forster radius describing the D-D ET
(in which one donor is excited and the other is relaxed) and 1 = 0.43 is a factor accounting
for the homogeneous distribution of dyes.
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To summarize, the RB exciton density describing the NPs’ fluorescence decay is a func-
tion determined by three fundamental parameters, i.e. the Forster radii Rp«p, Rp«p+,
and Rp-q describing the exciton diffusion, the EEA and the quenching from RB dimers,
respectively. As a direct consequence of the Gdésele model, both EEA and quenching are
described as effective diffusive mechanisms, and the overall picture resulting from such a
model is depicted in figure 2.4.

2.2.2 Investigating the Effect of Model Parameters

In this section, the effects of the parameters entering the macroscopic model presented
in the previous section are analysed in detail. The polymeric LH NPs presented in ref.
[2] have been considered as reference systems to which apply the macroscopic model, and
NPs having a RB content equal to the 30% in weight have been considered as study case.
The mean diameter of such NPs has be determined to be about 45 nm, and thus the
corresponding RB concentration is C%* = 0.13 dyes/nm3. Since the dimerization extent
cannot be experimentally determined, also the quencher concentration Cg)t is considered as
a variable parameter. The dimerization still minimally persists within NPs despite the best
efforts one can make to prevent it (i.e., the use of bulky counterions and long alkylic chains).
Thus, only a slight amount of quencher is assumed to be present, i.e. not more of 1% of
C9t. Moreover, due to the lack of experimental information, also the quencher non-radiative
lifetime 7¢ is considered as a variable parameter. For the RB radiative lifetime, the value
of 7g = 4.24 ns is considered (corresponding to the experimental value for the 0.1% loaded
NPs reported in ref. [2], in which dimerization should be minimized).

The coupled equations (2.20) and (2.22) have to be solved by imposing certain initial
conditions, including the exciton densities Cp(0) and Cg(0) immediately generated by the
pulse (at time zero). For the former, a value of 7% of C!' (similar to values found for
other systems [26]) is considered; for the latter, it is assumed that no quenchers are initially
excited because dimers, due to the strong electronic coupling between monomers, presumably
present a significantly shifted absorption maxima with respect to the isolated dyes, and since
the pulse wavelength normally corresponds to the monomer absorption maximum, dimers
are likely to present a very weak absorption at such a wavelength. The following analysis
aims highlighting the various effects of the parameters entering the macroscopic model,
emphasizing those features that could allow a straightforward identification of the presence
of intruder quenching species. The system of coupled equations has been solved numerically
by means of an in-house Python code employing the scipi.integrate package.

First of all, the effect of the Rp«p+ and Rp«p Forster radii, governing respectively the
direct EEA and the exciton diffusion influencing both diffusive EEA and diffusive ET to the
quenchers, is analysed. Since the typical radii are below 8 nm [20], values within the 3-6 nm
range have been tested. To highlight the effect of EEA, the Rp- radius governing the D-Q
ET and the quencher concentration Cégot are set to small values, i.e. 2 nm and 0.25% of C'5*
respectively. From figure 2.5A, it is clear that Rp-p~ has an influence on the decays only
at short time, with the initial decay accelerating upon increasing the radius while leaving
unaltered the long times evolution. This result indicates that EEA events following the
direct mechanism start immediately after the light pulse and becomes less probable with
time, as the spatially closed excitations are depleted through the annihilation. The influence
of the Rp«p radius is quite different from that of Rp«p+, as clearly shown in 2.5.B. Indeed,
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Figure 2.5: Effect of parameters entering the Gosele model on the (normalized) exciton

density decay Cp(t) simulated for RB-based NPs. Cp(0) is assumed to be 7
% of C*. The quencher concentration Cf" is always expressed as % of C5*.
(A) Effect of the Rp~p~ radius governing the direct EEA mechanism. Fixed
parameters are: Rp-p = 5 nm; Rp-g = 2 nm; 7g = 4 ns; Céft = 0.25 %. (B)
Effect of the Rp«p radius governing diffusive mechanisms. Fixed parameters
are Rp-p+ = 4 nm; Rp-g = 2 nm; 7¢ = 4 ns. (C) Effect of the Rp-¢ radius
governing the direct quenching mechanism. Fixed parameters are Rp«p+ = 4
nm; Rp-p = 5 nm; 7¢ = 4 ns; CF" = 0.25 %. (D) Effect of the quencher
concentration Cg’t. Fixed parameters are Rp«p« = 4 nm; Rp«p = 5 nm;
Rp+g = 2 nm; 79 = 4 ns. (E) Effect of the quencher lifetime 7. Fixed
parameters are Rp«p+ = 4 nm; Rp«p = 5 nm; Rp+g = 2 nm; Cg’t = 0.25 %.
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it affects both the short and long times evolution, and while the influence on the short times
is similar to Rp+p=, here also the long time decays are accelerating upon increasing the
radius.

Considering now the effect of the parameters related to the quencher species, i.e. its
Férster radius Rp-q, concentration C* and radiative lifetime 7, which are reported in
figures 2.5C, 2.5D, and 2.5E respectively. It is evident that when the quencher is present in
a small amount, its influence can affect the long times evolution only, since the few quencher
molecules are very far from the majority of excited dyes and then a certain time has to
pass to allow excitations to diffuse towards them. Since this specific (isolated) effect on the
long-time evolution cannot be obtained by varying the parameters related to the EEA, it
represents a straightforward signature for the presence of intruder quenching species.

Figure 2.6A shows how the exciton density decay is effected by the increase of the initial
exciton density, which can be associated to the increase of the experimental light source
power. Such an increase leads to the typical decay acceleration experimentally observed
and normally imputed to the presence of EEA (see figure 1.2 for comparison). In order
to establish whether the initial exciton density could affect the parameters effect discussed
above, the initial value Cp(0) = 25% of C!%* has been also tested. The corresponding
decays and their comparison with results obtained by using Cp(0) = 7% are reported in
the other panels of figure 2.6, from which is evident that the higher C'p(0) value has the
effect of accelerating the short time decay while leaving unaltered the long time behaviour.
Therefore, also in this case the presence of quenchers can be straightforwardly associated
to long time effects, which can thus be considered as the dimers’ quenching fingerprint
regardless of the Cp(0) value.

2.2.3 Toward a Reliable Fitting of Experimental Fluorescence De-
cays

When tested for fitting certain trial exciton density decays, the macroscopic model given
by equations (2.20) and (2.22) has turned out to be an extremely flexible tool, being for
example able to fit a given decay even by fixing up to two parameters and providing very
good fits independently from the chosen couple of parameters and the fixed values (obviously
within a reasonable range of values). Clearly, such flexibility has to be ascribed to the large
number of parameters employed, including the Rp+p~, Rp+p and Rp-g Forster radii and
the quencher concentration Cg’t and lifetime 7. Thus, to make applications bringing real
physical information, one should experimentally and/or theoretically determine the highest
number of parameters. For example, the Rp+«p radius can be straightforwardly obtained
from the overlap between the RB absorption and emission spectra, while Rp«p~ could be
obtained from the overlap between the RB excited state absorption (ESA) and emission
spectra. The latter is less straightforward than obtaining Rp-p due to the fact that ESAs
often overlaps with ground state bleaching and stimulated emission signals. In this context,
advanced simulations of nonlinear electronic spectroscopy from first-principles (developed
by other researchers in our research group) would be of great support to apply the presented
model to real systems. Finally, regarding parameters associated to the RB quenching dimers,
first-principles simulations would also be crucial to estimate the Rp-¢ radius, especially if
dimers cannot be isolated and their absorption spectra recorded. Using structural models
for these aggregates, indeed, absorption and emission spectra could be simulated and their
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(A) Effect of the initial exciton density on the (normalized) exciton density
decay Cp(t) simulated for RB-based NPs. (B-F) Effect of the parameters on
the decay obtained for Cp(0) = 25 % of CI$* (full lines) and Cp(0) = 7 %
(dotted lines). The quencher concentration CZ* is always expressed as % of
C9t, and fixed parameters are the same reported in figure 2.5. (B) Effect of
the Rp«p~ radius governing the direct EEA mechanism. (C) Effect of the Rp+p
radius governing diffusive mechanisms. (D) Effect of the Rp-«¢ radius governing
the direct quenching mechanism. (E) Effect of the quencher concentration Cg’t.
(F) Effect of the quencher lifetime 7¢.
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Forster radius estimated. In such a way, one could restrict the set of fitting parameters
to the quencher concentration and lifetime only, the values of which provide fundamental
insights into the role of aggregation within the LH NPs.
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Chapter 3

Molecular Dynamics Simulation
of Rhodamine B Aggregation in
Water

3.1 Theoretical Background: Molecular Mechanics and
Mbolecular Dynamics

The Molecular Mechanics (MM) is a computational methodology aimed to calculate the
energy of highly extended systems (spanning from large biomolecules such as proteins to
whole solutions including thousands of solute and solvent molecules) that are obviously out
of reach through QM methods. The fundamental idea underlying MM, which does not
treat explicitely the quantistic nature of the electronic structure of atoms and molecules,
is to treat atoms as pure classical particles and to describe molecules by a simple “balls
and springs” model. Interactions between atoms are typically parametrized basing on QM
calculations by assuming their transferability, i.e. two atoms of a given kind (for example,
the C and O atoms constituting a carbonylic group) are assumed to interact in the same
manner independently from the molecule to which they belong. The list of parameters
defining all possible interactions between all possible atom kinds (i.e., the MM energy) is
normally referred to as the Force Field (FF), in the sense that the set of atom’s positions and
their classification in different atom types automatically determine the whole set of forces
(which in turn determine the corresponding interaction energies) exerted on each atom by
all the others. The MM model not only extremely simplifies the calculation of the energy
with respect to QM methods, but also allow also to perform Molecular Dynamics (MD)
simulations with a excellent computational cost. In MD simulations, each atom’s position
evolves in time basing on the classical Newton’s equation of motion directly dictated by the
forces arising from the FF.
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3.1.1 Energy Calculation in Molecular Mechanics

The FF energy is partitioned as the following sum of independent terms [83]:
EFF - Estr + Ebend + Etars + EvdW + Eel (31)

where the first three terms represent the bonding interactions, which concern only atoms
directly connected by chemical bonds, while the last two terms represent the non-bonding
interactions, concerning all atoms and calculated as sums of two-body interactions.

The first term accounts for the bond stretching energy and is typically assumed to be
described by an harmonic potential:

Egtreten = Z kStT TAB TAB )2 (32)

Where the sum runs over the A-B couples of atoms directly bonded, r 45 is the bond length,
7% 5 is the associated equilibrium value and k%% is the force constant governing the stretch-
ing.

The second term accounts for the bending energy and is also typically assumed to be
described by an harmonic potential:

en 2
Eyena = = Z kY& (0ape — Chpe ) (3.3)
2 35

where the sum runs over the A-B-C triplets of atoms consecutively bonded, 6 4p¢ is the A-B-
C angle, 09 pc is the associated equilibrium angle and kf’fgdc is the force constant governing
the bending.

The third term accounts for the torsional energy, and being the energies of each A-B-C-D
torsion periodic functions of the associated dihedral angles ¢ 4pcp, they can be generally

expressed in form of Fourier series:

N
1
Eiors = 5 zC: z_: VABCDCOS (néasep) (3.4)

where the sum runs over the A-B-C-D quartets of atoms consecutively bonded, the n values
indicate the terms accounting for different periodicities (n = 1 describes the contribution
periodic by 360°, n = 2 describes the contribution periodic by 180°, n = 3 describes the
contribution periodic by 120° and so on) and V,, are the corresponding amplitudes.

The fourth term accounts for the van der Waal interactions, for which the Lennard-Jones
(LJ) potential [29] is normally employed:

Boaw = 246,43 [(Z‘g)m ~ (Z‘g)ﬁ ] (3.5)

where the sum runs over all the atom couples separated by at least three bonds and the
positive and negative terms represent the repulsive and attractive interactions, respectively.
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Here, the 0 4p and €45 parameters represent the vdW equilibrium distance and interaction
strength, respectively, which are in turn calculated starting from single atom parameters as

0AB = 0A+ 0B (3.6)

EAB = \/EAERB (3.7)

Finally, the last term accounts for the electrostatic energy, which is calculated by using
atomic charges normally obtained from QM calculations:

Evaw = % Z Q4ls (3.8)
AB

ETAB

where the sum runs over all the atom couples separated by at least three bonds and € is the
dielectric constant of the medium.

3.1.2 Equations of Motion and Different Ensembles in Molecular
Dynamics

The time-dependent evolution of the system is simply dictated by the set of Newton’s equa-
tions governing the motion of each atom through the force generated by the FF on it:

dEFF

- (3.9)

F=-ma=-
All the methods that have been proposed for the numerical integration of eq.(3.9), in which
the time is discretized in a sequence of time steps At, are based on the calculation of
positions, velocities and accelerations at a given time step from their values at previous time
steps. The most widely used is probably the Verlet Velocity algorithm [30], in which the
equations used for propagating the atoms read

1
riy1 =7r; + v; At + iaiAtQ (310)
1
Viy1 = V; + i(a, + ai+1)At (311)

where the subscript 7 and i+1 are shortcuts for indicating the time dependence, i.e. r; = r(t;)
and rit1 = I‘(tl + At)

The standard resolution of the equations of motion generates the so-called NVE ensemble,
in which (other than the number of atoms N) the volume and the energy are the quantities
that are conserved during the dynamics. One is usually be interested in considering different
statistical ensembles, in particular the NVT having constant volume and temperature or
the NPT having constant volume and pressure. Regarding the NVT ensemble, since the
temperature is directly proportional to the kinetic energy of the system, an efficient way for
regulating the temperature throughout the simulation without affecting the results is to scale
all the atomic velocities by an equal factor at each time step. A very popular scaling method
is the so-called Berendsen thermostat [31], which considers a thermal bath coupled to the
system via a coupling parameter that is used to determine the scaling factor. Regarding
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instead the NPT ensemble, the pressure regulation can be readily achieved by modifying the
volume of the system through the uniform scaling of all atomic coordinates, and a popular
method is the Berendsen barostat that consider a “pressure bath” (conceptually similar to
the thermal one) characterized by a coupling parameter that, along with the compressibility
of the system, is used to determine the scaling factor.

3.2 Simulating Rhodamine B Aggregation in Water

In Section 1.2, it has been discussed how the combination of the alkylated RBs with the
bulky and hydrophobic F5TPB counterion can be exploited to form RB networks where the
capability of F5TPB to act as a spacer among dyes prevents the formation of quenching
stacked dimers. Such extremely important feature of F5TPB has been observed not only in
polymeric LH NPs, but also in solution (i.e. in absence of polymer). Indeed, when added
to aqueous RB solutions, F5TPB provokes the formation of colloidal NPs constituted by a
clustering of RB* and F5TPB™ ions [5] showing the same efficient ET observed in polymeric
NPs.

Achieving insights on RBs arrangements within the dye networks is very challenging
from an experimental point of view. If the presence of blinking could support the picture of
an arrangement in which the dyes are quite close each other and an estimate of the mean
dye-dye distance can be inferred from spectroscopic measurements, such as the fluorescence
anisotropy decay [2], atomistic details of the network structure are completely out of reach
experimentally. Therefore, MD simulations (which have been already used to successfully
simulate the RB absorption on clay minerals [32], graphene [33] and membranes [34]) can
surely be helpful in providing fundamental information about the structural features affect-
ing the efficiency of ET in these systems.

In the following sections, it is presented and tested a FF for the modelling of self-
assembling in RB/F5TPB systems in water solution based on the widely used Generalized
Amber Force Field (GAFF) [35]. A full parametrization for the RB unit and an ad hoc
refinement of the RB LJ parameters has been performed, aiming at a reliable reproduction
of the RB-RB interactions, using as reference Density Functional Theory (DFT) calculations
(see Section 4.1.2 for theoretical detail about the method). The FF reliability is judged on its
ability to reproduce experimental studies on the influence of counterion type and of alkylic
RB substituents reported by Shulov et al. [5], showing that (when a small, ethyl alkyl chain
is considered) the F5TPB and the I~ counterions induce quite different aggregation of RB
units in water.

In what follows, all DF'T calculations have been performed using the Gaussian 16 software
[36] with the B3LYP functional by using D3 Grimme’s empirical dispersion (see Sections
4.1.2 and 4.1.6 for details) and the 6-3114+G* basis set, while all MD calculations have been
performed using the NAMD software [37].

3.2.1 Force Field Parametrization

The FF parameters for RB ethyl ester (for simplicity named as RB in this Chapter) have
been obtained with the procedure described below.
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Figure 3.1: RB dihedral angles selected for parametrization and corresponding potential en-
ergy profiles calculated with the original and modified GAFF force fields, com-
pared with DFT (B3LYP-D3/6-3114+G*) calculations used as reference. The
MM energy of each point is calculated at the DFT optimized geometry.

Firstly, DFT calculations have been used to optimize the geometry and calculate the
corresponding ESP charges. In order to evaluate if the standard GAFF parameters provide
a reliable ground state (GS) structure of RB in vacuum, the DFT optimized geometry and
the MM one (involving GAFF standard parameters and ESP charges) have been compared.
Since several bonds of the xanthene moiety were found at the MM level to deviate for more
than 0.01 A (up to 0.04 A) with respect to DFT, new atom types to describe all xanthene
atoms have been defined (see Appendix) and replaced the equilibrium bond distances with
the DFT ones, leaving unaltered the GAFF force constants.

Secondly, the MM parameters of the xanthene-phenyl, xanthene-amine and phenyl-
carboxyl torsional potentials have been adjusted, as reported in Figure 3.1. For each dihe-
dral, the potential energy surface (PES) for the torsions has been calculated at DFT level
by constrained scans, i.e. evaluating the GS total energies every 10° of the selected dihedral
angles and allowing relaxation of all the remaining internal coordinates. The corresponding
free energy profiles at MM lever were obtained with the adaptive biasing force method [38],
using the different dihedrals as collective variables in NVT simulations of a single RB con-
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Figure 3.2: Lennard-Jones parametrization for the RB-RB interaction in forming a stacked
H dimer. On the left, representation of a H dimer (top) and RB chemical
structure (bottom) where the grey circles correspond to atoms for which the
LJ parameters have been modified. On the right, the intermolecular energy is
reported as a function of the xanthene-xanthene inter-plane distance (indicated
by the arrow).

ducted at 300 K. The force field parameters were iteratively modified until the DFT PESs
and the MM free energy profiles coincided within an error of 0.1 kcal/mol in the region of
the minima (see ref.[39] for further details on the method). Clearly, the parameterization
resulted to be crucial for the phenyl-carboxyl torsions, since the original GAFF predicted
quite large torsional barriers. Notably, the opposite trend is observed for the xanthene-amine
rotation. These behaviours probably arise from the fact that GAFF parametrization is per-
formed on a database of neutral molecules, and likely the standard torsional parameters are
inadequate for describing the torsions in charged aromatic systems like RB.

Finally, in order to correctly describe the dimerization of two positively charged RB
molecules, a parametrization of the van der Waals interactions for two approaching RB
molecules has been also performed. Taking as reference case the formation of a stacked H
dimer, the LJ parameters of the xanthene atoms have been adjusted until the interaction
energy given by the DFT calculations using Grimme’s dispersions is recovered. To calculate
the PES related to two RB molecules approaching to form the stacked H dimer, the dimer’s
geometry optimized in vacuum at the DFT level has been considered and the RB-RB distance
has been varied leaving unchanged both monomer geometries. At each distance the DFT
and MM total energies have been computed (all calculations were performed in vacuum).
The PES obtained in such a way is reported in Figure 3.2: being RBs positively charged, one
clearly sees that to form a dimer, stabilized by the van der Waals interactions, the two dyes
firstly must overcome a potential energy barrier related to the Coulomb repulsive interaction.
It is immediately evident that GAFF, although reproducing qualitatively the DFT profile,
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underestimates the PES minimum energy of about 50% with respect to DFT. To correct
for such a discrepancy, the & parameters of eq.(3.7) describing the vdW interactions among
the atoms belonging to xanthene moiety have been uniformly scaled until the QM PES was
correctly reproduced: a good agreement has been found upon doubling those parameters.

Regarding the MM parameters of the counterions, the standard GAFF parameters have
been used for iodide ions while for the F5STPB molecule a minimal refinement have been
performed: indeed, a fine parametrization for the FSTPB flexibility is not strictly required
because the high symmetry of F5TPB combined with its almost spherical shape makes its
bulkiness largely independent from the intramolecular motions. In particular, we computed
the F5TPB minimum energy structure with DFT in vacuum and the corresponding equi-
librium distance and force constant for the B-C stretching have been incorporated in the
FF, while for bending and torsions angles involving boron we took the parameters for tetra-
phenyl methane from the literature [41]. The vdW parameters for the B atoms were also
taken from ref.[41]. The complete set of modified parameters for RB and F5TPB is reported
in Appendix.

For water molecules, which parameters are used in the MD simulations discussed below,
the flexible variant of the simple point charge model (spc/fw) [40] was employed, since it
well reproduces the dynamical and dielectric properties of bulk water.

3.2.2 Molecular Dynamics Simulations: Computational Methodol-
ogy

Three independent MD simulations of RB molecules in water have been performed in pres-
ence of either F5TPB or I- as counterion. The simulation boxes were created using the
Packmol package [42], containing 10 RB dyes and 10 F5TPB (or iodide) counterions within
a cubic box with side length of 85 A. The box dimensions were chosen such that all RB-RB
distances in the initial configurations largely overcome the value of 7 A, which is the distance
at which the attractive potential between two RBs starts (see PES reported in Figure 3.2).
It is worth noting that the experimental RB concentrations used in ref.[5] are much smaller
than those considered in the MD simulations. This is due to the fact that MD simulations
will be computationally unfeasible at the experimental concentrations, as they would require
very large box dimensions and, consequently, a huge number of solvent molecules.

For each simulation, a time step of 1 fs was used, the cutoff for LJ and direct space
electrostatic was set to 12 A and the Particle Mesh Ewald method for the electrostatics was
used by setting a grid spacing of 1.5 A. The temperature and pressure equilibrations have
been carried through 1 ns of thermal equilibration (in the NVT ensemble at 300 K) followed
by 2 ns of pressure equilibration (in the NPT ensemble at 1 atm) using the Berendsen
barostat. After the equilibration steps, the MD simulations were performed in the NVT
ensemble for 20 ns.

To quantify the dimerization extent, each RBs couple in which the centre-centre distance
between the xanthene planes (ro¢) falls below the cutoff value of 6 A has been considered
as a dimer. Such a cutoff, which more or less corresponds to the distance at which the
RB-RB interaction starts to be attractive in the stacked dimer in vacuum (see Figure 3.2),
ensures to exclude those RB couples that could involve the presence of a F5TPB counterion
(or a part of it, such as one of its phenyl groups) in between the two RB units. Moreover,
considering that RB transition dipole moment lies on the xanthene plane and parallel to
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Figure 3.3: (A) Angles among the transition dipole moments of RB molecules employed for
the classification in H (0°< 6 < 12°; 54.7° < e < 90°), J (0°< 6 < 12°; @ > 54.7°)
and crossed J (0 > 12°) dimers. (B) Representative dimensions of the hexagonal
units of the xanthene plane and parameters employed for individuating the m-
stacked dimers: the cutoffs for the components of the rc¢ vector (calculated
with respect to the molecular = and y axes of dye 1) are set to 4 A for r, and
2 A for ry, while the cutoffs for the distances separating the 4 central atoms of
the dy:s& 1 (labelled with gray circles) and the zy xanthene plane of dye 2 is set
to 4.5 A.

its long axis, dimers have been classified as H, J and crossed J dimers depending on the
reciprocal orientation of the xanthene axes of each RB: as reported in Figure 3.3.A, parallel
dimers are defined as those having 0°< 6 < 12° and crossed J dimers those having 6 > 12°,
while for parallel dimers the angle « is used to classify them as H (54.7° < a < 90°) or J
(o > 54.7°).

Another relevant feature to monitor is the formation of H m-stacked dimers, because they
are expected to act as fluorescence quenchers. The 7-stacked dimers are defined basing on a
combination of the geometrical parameters depicted in Figure 3.3.B: the x and y components
of roe have to fall within the cutoffs of 5 and 2 A respectively, and the distances separating
the 4 central atoms of one first monomer from the xanthene plane of the second have to
fall each within the cutoff of 4.5 A (the xanthene-xanthene distance for a stacked H dimer
predicted at the DFT level of theory is about 3.5 A) In order to evaluate the formation of
RB-RB clusters within NPs eventually involving also the counterions, the trajectory for the
sum of the modules of rc¢ vectors has been determined.

3.2.3 Molecular Dynamics Simulations: Results

Figures 3.4 and 3.5 show the results of three independent MD simulations carried out for
each of the counterions considered, F5TPB and iodide respectively, using the re-parametrized
FF. In particular, the numbers of H, J and crossed J dimers (in both generic and stacked
conformations) formed along the MD trajectories (extracting one frame every 1 ps) are
reported as simple moving average considering time intervals of 0.1 ns. The time evolutions of
the sum of the dye-dye distances (Rc¢), being a useful parameter for qualitative evaluation
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of the aggregations involving a large number of RB, i.e. this distance decreases when large
aggregates are formed, is also reported. Representative snapshots reporting the typical
structure of RB aggregates are depicted in Figure 3.6.

The most straightforward result is that only the FSTPB counterion can drive the for-
mation of large aggregates involving basically all the RBs included in the simulation. This
extensive clustering (see dropping of the sum of dye-dye distances in Figure 3.4) is in line
with the NPs formation experimentally observed in ref. [5]. Despite conclusions out of this
outcome inevitably suffer of limitations with respect to realistic experimental conditions
(i.e. larger concentration and aggregates with reduced number of dyes in the simulations
compared to experiments), they provide important insights at the atomistic level and inter-
esting trends as a function of the counterion involved. Indeed, when the iodide counterion
is considered, dimers formation is still observed (including crossed J stacked dimers) but
formation of large RB or RB/iodide aggregates is not, see Figure 3.5 (where the sum of
dye-dye distances is constantly large along all MD simulations). These results are also in
line with the absence of RB NPs formation found in experiments [5] and, notably, such RB
aggregates are not formed in presence of iodide despite the large concentration employed in
our MD simulations. Interestingly, in the three MD simulations with F5TPB counterion,
it is observed the formation of both a single RB/F5TPB aggregate comprising almost all
RBs (namely a ‘full aggregate’, see MD2) and two separated aggregates (MD1,3), see Figure
3.6, allowing structural characterization of the formed dimers with atomistic resolution, as
discussed below.

Other than inducing the spontaneous aggregation of RB, it is clearly observed the ability
of the F5TPB counterion of acting as a spacer between RB monomers within the aggregate,
preventing the H dimerization responsible for the fluorescence quenching. Indeed, another
striking result is that despite the formation of large RB/F5TPB aggregates, the formation
of stacked dimers is quite limited and the appearance of H dimers is a rather rare event. In
particular, while up to 4 RB dimers (out of 5 potentially forming with the 10 RB monomers
considered) are formed within large RB/F5TPB aggregates (see Figure 3.4), only 1 (and
rarely 2) among them can be really considered as m-stacked, generally being of the crossed J
type. In fact, one stacked H dimer stable enough to persist for about 1 ns has been observed
only in one of the three replicas and when a full aggregate is formed (i.e. in MD 2, see Figure
3.4). It is worth mentioning that such results are obtained despite the parameterization for
the RB-RB LJ interaction is based on the correct description for the formation of a stacked
H dimer. Thus, the simulations strongly suggest that within large RB/F5TPB aggregates
no preferences for the parallel stacking of RB exists, in full agreement with experimental
evidence and corroborating the role of F5TPB counterion as spacer that avoid fluorescence
quenching of RB aggregates while maintaining good spacing for energy transfers between
RB dyes.

In order to evaluate the effect of our parametrization with respect to standard GAFF,
three GAFF simulations have been performed, two with the F5TPB and one with the iodide
counterions, as shown in Figure 3.7. It is found that the large clustering in presence of the
F5TPB counterion is partially predicted by GAFF, with observed formation of two large
aggregates, while a full aggregate comprising all RBs is not found. The absence of large RB
clustering in presence of iodide, instead, is very similar in GAFF and re-parametrized FF
along with the formation of RB dimers in solution and the presence of crossed J stacked
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dimers. However, regarding the characterization of dimers’ structure in RB/F5TPB aggre-
gates, much less dimerization of RB units is observed when the GAFF is used and very few
stacked dimers are formed if compared with the re-parametrized FF. This suggests that, as
expected from the potential energies shown in Figure 3.2, the fine re-parametrization has the
effect of encouraging the RB-RB interaction and, in particular, the formation of 7-stacked
RB dimers.

In conclusion, the formation of RB/counterion full aggregates only in presence of F5TPB
and the rare (and transient) appearance of H dimers (despite the significant number of
stacked J dimers) within large RB/F5TPB aggregates are predictions of the re-parametrized
FF that represent a great improvement towards the characterization with atomistic resolu-
tion of RB aggregation processes in solution.
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Figure 3.4: Results of three MD simulations carried out in presence of the F5TPB counte-
rion. The first row shows the time evolution of the number of generic dimers,
the second the time evolution of the number of 7-stacked dimers and the third
the time evolution of the sum of dye-dye distances. The time evolution of the
number of H, J and crossed J dimers in both generic and stacked conformations
is reported as the mean number of dyes formed within time intervals of 0.1 ns.
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Figure 3.5: Results of three MD simulations carried out in presence of the iodide counterion.
The first row shows the time evolution of the number of generic dimers, the
second the time evolution of the number of 7-stacked dimers and the third the
time evolution of the sum of dye-dye distances.
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Figure 3.6: Representative snapshots from the MDs of Figures 3.4 and 3.5 recorded after
20 ns of dynamics (RB molecules are depicted in green, counterions in red and
solvent molecules are omitted for clarity).
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Chapter 4

Density Functional Theory
Studies of Rhodamine B and Its
Dimers

4.1 Theoretical Background: Density Functional The-
ory for Electronic-Structure Calculations

4.1.1 Wavefunction Description of Electronic-Structure: the Schrodinger
Equation

The Wavefunction and Its Properties.

In quantum mechanics (QM), the electronic structure of a molecule composed of N electrons
is assumed to be completely described by a certain wavefunction ¥(q,t) expressed as a time
dependent complex function of the spatial and spin coordinates of the particles, namely
d=4q;,9,,..-,dy With q; = r;, s;, where r and s represent the cartesian and spin coordinates
(that is, the spin quantum number +1/2 or —1/2), respectively. The physical meaning of
the wavefunction [43] is given by the product ¥*(q,t)¥(q,t), a real quantity representing
the probability density of finding the particle 1 in the position r; with spin quantum number
s1, the particle 2 in the position ro with spin quantum number s, and so on.

The wavefunction has to respect two fundamental principles of QM, that is, the indis-
tinguishability principle, which establishes that electrons cannot be enumerated or identified
in any way, and the antisymmetry principle [44], which requires the wavefunction to be
antisymmetric with respect to the interchange of the coordinates (spatial or spin) of each
pair of electrons:

V(dy, Qs Q- -5An) = —P(Qq, -5 gy, Qs -5 D) (4.1)

The antisymmetry implies the so called Pauli exclusion principle, which states that two
electrons in the same molecule cannot have identical quantum numbers.
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When molecular systems are considered, one usually invokes the orbital approrimation
[45, 46] which assumes that each electron can be described by an own monoelectronic wave-
function referred to as spinorbital. The a-th spinorbital containing the i-th electron takes
the form

Pa(q;) = Pa(ri)o(si) (4.2)

where ¢, (r) is the spatial part and is normally called molecular orbital (MO), while o(s) is
the spin part given by one of the two possible spin states for the electron, namely a(1/2) or
B(—=1/2). The MO is generally expressed as a linear combination of atomic orbitals (LCAO)

of the form
r) =Y & (r) (4.3)

where £, (r) are atomic orbitals (AOs) centered on the atoms composing the molecule.
The fundamental prototype of wavefunction is expressed in the form of a Slater deter-
minant [47] built on the spinorbitals set:

eald;) walaz) -+ valay)

1 |es(ar) es(aa) - wulay)
‘lf(q)zﬁ : . - : (4.4)

e.(q1) @:(de) -+ @.(ay)

In its explicit form, the Slater determinant is a sum of N! products of the form ¢, (q;)ps(qs)
..¢2(qy) describing all possible permutations of the N electrons in the N spinorbitals.
Such an expression makes electrons indistinguishable and respect the antisymmetry princi-
ple, because the interchange of indices of an electron pair corresponds to the exchange of
the corresponding columns in the determinant, which leads to the change of its sign. More-
over, also the Pauli exclusion principle is respected: the situation in which two electrons
occupy the same spinorbital (that is, they have the same quantum numbers) corresponds to
a determinant having two equal columns, resulting thus equal to zero. In the following, spin
coordinates will be neglected and spinorbitals will be simply referred to as MOs.

The Time-Independent Schrédinger Equation.

Another fundamental assumption of QM is that the wavefunction must satisfy the iconic
time-dependent Schrédinger equation[48):

. R OU(r,t)
HY(rt) = ———2 1= 4.5
()=~ (45)
where H is the electronic hamiltonian operator defined within the Born-Oppenheimer ap-
proximation (that is, by assuming the separability of electronic and nuclear motions) as
(atomic units)

N 1 1 N 1 N M 7
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Here, the first term containing the Laplace operator for the electronic coordinates

& 7
Yooz oy? o 027 (4.7)

describes the electron kinetic energy, while the second and third terms account for the
electrons-electrons and electrons-nuclei coulomb interactions, respectively (in the latter, the
J index runs over the M nuclei located at R;). Since the wavefunction is usually assumed
to be factorable with respect to the spatial and temporal coordinates, that is, ¥(r,t) =
Ug(r)¥r(t), eq.(4.5) can be separated into two equations for each coordinate: the equation
related to the spatial wavefunction is referred to as the time-independent Schédinger equation
and takes the eigenvalue form

HUg(r) = EVg(r) (4.8)

Eq.(4.8) represents the milestone of Quantum Chemistry: the hamiltonian operator (4.6) is
totally defined by the positions of nuclei, that is, by the chemical structure of the molecule,
and the electronic states (wavefunctions) and their energies are uniquely determined as the
hamiltonian’s eigenstates and eigenvalues, respectively. Hereafter, Ug will be referred to
simply as V.

The Variational Theorem.

The variational theorem [49] is a fundamental statement of QM that provides a powerful
strategy for obtaining the exact solutions of the Schrodinger equation starting from trial
solutions. Considering the exact wavefunction, the energy of the systems can be written
from the eigenvalue equation (4.8) as

(V| H|)

) (4.9)

Ee:vact =

where the braket notation indicates the integral over the electrons coordinates. Considering
instead the trial wavefunction |Wy,.1), the associated energy is analogously calculated as

<\I]trial|ﬁ|\:[jtrial>

Euial =
fria <\I/trial ‘ \I’trial>

(4.10)

Since the hamiltonian eigenstates set represents a complete basis set, |WUiia1) can be always
written as a linear combination of the exact states. By exploiting this mathematical property,
one can easily show that the following disequality always holds:

Etrial 2 Eefact (411)

This equation straightforwardly suggests the strategy for obtaining the best approximate
solution: since each approximate solution is always higher in energy than the exact one,
every wavefunction parametrization will provide the best approximation simply by finding
those parameters that minimize the energy given by eq.(4.10).

47



DFT Studies of RB and its Dimers

The Hartree-Fock Theory.

The Hartree-Fock (HF) method [50, 51, 52] is a MO optimization-procedure for minimizing
the energy of a wavefunction expressed in the form of a Slater determinant. By using the
Slater-Condon rules for mono- and bi-electronic integrals [47, 53, 54], the energy of the Slater
determinant can be written as

1
Etrial - ; ha + 5 Zb Jab - Kab (412)
where the core hamiltonian R
he = <¢a|h1|¢a> (413)
- 1. Zy
hy=—-Vi— ——=— 4.14
P VIR (4.14)

contains the kinetic energy of the electron occupying the a-th MO and its coulomb interaction
with nuclei, the Coulomb integral

Tup = (Gabsl1/r12]6ass) = / / ¢:<r1>¢z<r2>%¢a<rl>¢>b(r2> drdrs (4.15)

(in which r12 = |r; — ra|) accounts for the spatially-averaged coulomb interaction between
the two electrons occupying the ¢, and ¢, MOs, and the exchange integral

Koy = (adsl1/r12]6pa) = / / ¢:<r1>¢z(r2)é¢b(rl>¢a<r2) drydrs (4.16)

is a pure quantum mechanical quantity that has no counterparts in the classical electrostat-
ics.

Basing on the variational theorem, one can set the conditions for optimizing the MOs
in order to minimize the energy given by (4.12): by exploiting the Lagrange method of
undetermined multipliers [55] (which ensures MOs to remain orthonormal), the minimization
conditions lead to the HF equations

f(r1)¢a(r1) = Ea(ba(rl) (417)

where €, is the MO energy and f(rl) is the Fock operator

f(r1) = h(r1) + ZJb ri) — Ky(r1) (4.18)
in which the Coulomb and exchange operator act on the MOs in the following way:

Jp(r1)Ba(r1) l/% ry) ¢b(1”2) dl‘z] Pa(r1) (4.19)

Kiy(r1)pa(r1) [/(ﬁb r2) ¢>a(r2) dr2] Pp(r1) (4.20)
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Since the Fock operators depend on the MOs that are their eigensolutions, HF equations
take the form f ({Pp})pa = €ada. Such equations are solved iteratively: an initial set of
trial MOs is used to built trial Fock operators and the eigenvaluje problem of eq.(4.17) is
solved leading to a new set of optimized MOs. This new set is used to build up another Fock
operator and the cycle is repeated until the MOs of the last cycle remain almost unchanged
with respect to the penultimate, namely, until the self-consistency of the cycle is reached.

Another striking result of the HF theory concerns the physical meaning of MOs energies:
the Koopmans theorem [56] elegantly demonstrates that the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) correspond
to the ionization potential (IP) and electron affinity (EA) of the molecule, respectively:

EHOMO = —IP (4.21)

ELUMO = —FA (422)

4.1.2 Density Functional Theory

One of the major drawback of wavefunction-based methods is that the computational cost
increase upon extending the molecular size to such an extent that molecules composed by
more than about 100 atoms are completely out of reach. The most powerful method allowing
for circumventing this problem is the Density Functional Theory (DFT) [57, 58], which is
aimed at calculating the molecular energy by using an electron density determined without
any calculation of the wavefunction.

The Electron Density.

The electron density is uniquely determined by the wavefunction through the following
expression:

p(rl) :N/--~/\IJ*(r1,r2,...,rN)\II(rl,rg,...,rN) dI‘Q...dI‘N (423)

where the integration is performed over the coordinate of all electrons excepted one (by
virtue of the indistinguishability principle, this electron represents a generic electron). If
the wavefunction takes the form of a Slater determinant, eq.(4.4), the electron density is
readily obtained from MOs as

N
p(r1) = |a(ry)]? (4.24)

Being the electron density a very simpler mathematical object with respect to the wave-
function (the former is a monoelectronic function and thus depends on 3 coordinates only,
while the latter depends on the whole set of 3N coordinates), the computational cost of
DFT methods is extremely reduced with respect to wavefunction-based ones, and this fact
represented the turning point that opened the way of QM calculations to large molecular
systems (hundreds of atoms).
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The Hohenberg-Khon Theorem.

The possibility of exploiting the electron density as the sole ingredient to determine the
molecular energy lies on the famous Hohenberg-Kohn theorem [59], which states that the
electron density uniquely determines both the number of electrons composing the system
and the electric field generated by the nuclei, which in turn uniquely determine the nuclear
arrangement composing the molecular structure. Together, these two statements imply that
the electron density uniquely determines also the whole electronic energy fo the ground state
(GS) of the system, which can be therefore written as a functional of the electron density:

E = Elp] (4.25)

Since the electron density is uniquely related to the wavefunction, it can be shown that the
variational principle holds also for the density functional:

E[ptrial] Z Eezact (426)

The deep piece of information given by the Hoenberg-Kohn theorem is that the electron
density suffices for having a complete description of the system; nevertheless, it is not pos-
sible to a priori know the exact mathematical expression underlying eq.(4.25). During last
decades, researchers have proposed a huge variety of reliable density functionals which have
nowadays became one of the most widely used tools in the field of Quantum Chemistry.

Density Functionals for Molecular Energy:.

The exact density functional takes the general form
Eezact[p] = T[p] + Eeelp] + Een|p] (4.27)

where the three terms represent the electronic kinetic energy, the interelectronic interac-
tions and the electrons-nuclei interactions, respectively. While the term accounting for the
electrons-nuclei interactions takes the straightforward form

Zp(ry)
dry, 4.28
Z/| —Ry| ! (4.28)

a successful formula for the kinetic energy has never been found. This fact determined
a relevant breakthrough in the history of the DFT development, opening the way to the
cunning idea by Kohn and Sham [60] who solved the problem of the kinetic energy by re-
introducing MOs, which in turn allowed for the definition of a successful expression also for
the interelectronic interaction term.

4.1.3 Kohn-Sham Theory

The Kohn-Sham method for DFT (KS-DFT) [60] is based on the use of a set of auxiliary
MOs {¢,} defining a Slater determinant which has no physical meaning (that is, it is not
the real wavefunction) but is simply required to reproduce the density via eq.(4.24). Such
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MOs are used for calculating the kinetic energy term, which is thus no longer considered as
a functional of the density:

1 N

ﬂwH%H—~W§ijVWm> (4.29)

Such a definition allows to rewrite the functional for the molecular energy as
Elp] = Txslpl + Jlp] + Exclpl + Een|p] (4.30)

where the second term is the inter-electronic coulomb interaction functional

- [ [ s

and the third term is the ezchange-correlation (XC) energy functional, accounting for all the
quantum effects, that is, the exchange interactions and the correlation effects. This crucial
term is simply defined as

Exclp] = Tlp]l = Tks(p] + Eeelp] — Jlp] (4.32)

and is assumed to take the simple form

Excle) = Exlpl + Eclpl = [ exlptrolpteodrs + [ colptelorin (433

where two separated exchange (ex) and correlation (ec) functionals have been introduced.

Similarly to the HF MOs, also KS MOs are determined basing on the variational theorem,
that is, they are obtained through an optimization procedure aimed at minimizing the DFT
energy. Also in this case, the minimization condition leads to the fulfilling of a set of
eigenvalue equations for the MOs, the so-called Kohn-Sham equations:

his(r1)da(r1) = eX5¢q(r1) (4.34)

where the Kohn-Sham operator reads

hucs(e1) = =5 V3 + Vie(e1) + Vinlple1)] + Vicolp(ra)] (1.35)

in which Vi is the nuclear potential and Vg and Vxc¢ are the Hartree potential and XC
potential funtionals, respectively:

Vilp(ro)) = [ ara 202 (4.36)
ry — 12|’
dExc(p(r1)]
dp(ry)
Since the KS operators are functionals of the density which in turn depends on the spinor-
bitals that are their eigensolutions, KS equations take the form hrxs({¢p})pa = €a¢a and
are thus solved iteratively.

ch[p(l‘l)] = (437)
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The KS MOs are deeply different from HF ones: while HF MOs are calculated by con-
sidering spatially-averaged inter-electronic interactions between pairs, KS MOs are obtained
by considering (i) a simple Coulomb interaction between macroscopic densities and (ii) ex-
tremely rough quantum effects described by simple local functionals: this means that in DFT
electrons have to be considered as spurious particles, that is, mere mathematical devices con-
ceived to obtain the correct GS density only. Moreover, in HF theory the Koopmans theorem
ensures the MOs’energies to have a demonstrated physical meaning, while a corresponding
theorem does not exist in KS theory.

During last decades, a huge number of XC local functionals have been proposed, and a
brief summary of the most widely used can be found in the following subsection. The most
serious issue concerning XC functionals is that they suffers from a deficiency intrinsically
related to the concept of functional, that is, the locality problem: differently from the J
functional, which includes the interaction between densities at different points, Ex¢ is a
functional of a single density and is therefore local in space, that is, it only depends on the
density at a given point completely neglecting contributions from the quantum interactions
between densities at different points. Due to this rude approximation, local functionals
commonly fail in reproducing certain molecular properties. The most successful attempt
to solve the locality problem has been provided by the introduction of hybrid functionals,
which are discussed in section 4.1.5.

Local Exchange-Correlation Functionals.

The two main categories of local XC' functionals are the Local Spin Density Approximation
(LSDA), which assume the energy to be a pure local functional of the density, and the
Generalized Gradient Approzimation (GGA), which introduce in the functional a dependence
on the gradient of the density and are therefore referred to as semi-local functionals.

The LSDA assumes that the electrons within a molecule can be described by the same
functional of the most simple many-electrons system, that is, the uniform gas of electrons,
for which the exchange functional has been demonstrated to take the simple analytical form
[61, 62]

1/3
eiDA[p<r1>}=‘i<6> ] (2w + o)) 438)

™

where different electron densities have been introduced for the two kind of spins. Differently
from the exchange, for the correlation no analytical expressions can be derived, but since
the exact correlation energy for the electron gas can be directly calculated by QM methods,
several analytical expressions for interpolating its dependence on the density have been
proposed: the most widely used formulas are those developed by Perdew and Wang (PW)
[63] and by Vosko, Wilk and Nusair (VWN) [64].

The GGA functionals take advantage of the density gradient as a variable to set up
flexible interpolation formulas allowing for the fitting of XC effects calculated through QM
methods for single atoms. Among the most widely used GGA XC functionals there are
the Becke’s exchange (B88) [65], which corrects the LDA expression eq.(4.38) with a simple
additive term aimed to fit the QM exchange in rare gas atoms, and the correlation functional
by Lee, Yang and Parr (LYP) [66], which offers a quite complicated expression for fitting the
correlation of the helium atom. Another widely used XC functional is the one developed by
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Perdew, Burke and Ernzerhof (PBE) [67], which introduces a multiplicative correction to the
LDA exchange and an additive correction to the LDA correlation, and whose parameters are
not derived in an empirical fashion (that is, by fittings some data) but are instead established
from theoretical considerations.

4.1.4 The Correction for Dispersion Interactions.

Probably, the most serious deficiency of DFT is that functionals are normally unable to ac-
count for dispersion interactions among atoms: while certain functionals even predict purely
repulsive interactions, others are able to account only for a slight stabilizing interaction, but
basically all standard functionals fail in reproducing the typical 1/RS long-range behaviour
characterizing the dispersion interaction between two atoms.

The most simple strategy for fixing this deficiency is to include into the functional (4.30)
empirical terms describing the dispersion interactions for each couple of atoms. A very
refined and successful model is the so called D3 corrections presented by S. Grimme and
collaborators [68], who introduced also higher order terms with 1/R® form aimed to better
account the medium-range dispersions: the correction to the total energy is given by

1
Ecll:ggp ~ 75 Z

A,B

Cs,aB

B
6 = fS,dam (RAB)
RYp !

C
f6,damp(RAB) + 38% (439)
RAB

where the A, B indexes run over atoms, the C,, ap (with n = 6,8) are atom-dependent
coefficients of the form C, ap = /C»,aCnp (Cn,a and C, p are tabulated coefficient
which have been determined for each element), s, is a functional-dependent scaling factor
aimed for accounting the possible attractive interactions predicted by the functionals in their
uncorrected form and f, gomp are damping functions of the form

_671 -1
Rup
146 ——— 4.40
(R) 1 o

where RY 5 are parameters obtained from the van der Waal radii of A and B atoms, s =
12, Bg = 14, s¢,» = 1 and sg , has to be optimized for each functional.

fn,damp(RAB) =

4.1.5 Generalized Kohn-Sham Theory

In the Generalized Kohn-Sham (GKS) theory [69, 70], the density functional of eq.(4.30) is
redefined by considering for both the kinetic energy and the inter-electronic interactions the
possibility of having a generic parametrization based on a set of auxiliary MOs {¢,}, that
is, the density functional is assumed to be described by the general expression:

Elp,{¢a}] = Eenlpl + S{da}] + Rlp] (4.41)

where S[{¢.}] is the term containing the MOs dependence and R[p] is a remainder term
that, considering E[p] to be the energy given by eq.(4.30), is simply defined as R[p] =
Elp] — S[{¢a}], that is, is a term aimed to ensure eq.(4.41) to give exactly the same energy
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of eq.(4.30). When MOs are optimized to minimize the energy associated to this functional
form, the following GKS equations are obtained:

hais(t1)da(r1) = cada(rs) (4.42)

where the GKS operator reads

hars(t1) = Os[{6a}] + Venlp(r1)] + Vi[p(r1)] (4.43)

in which Og is the sole MOs-dependent term and the potential associated to R takes the

same form of eq.(4.37)

Vilp(r)] = 50

The most important result from GKS theory is that the optimal MOs are always deter-
mined by an eigenvalue equation with the same form of the original KS equations, eq.(4.34),
independently from the chosen MOs-based parametrization of eq.(4.41).

(4.44)

Hybrid Functionals.

The GKS method can be used to finally fix the problem of the locality of the XC functional,
and this is made possible by introducing the non-local quantum exchange energy calculated
on the auxiliary spinorbitals, which is usually referred to as exact or HF exchange:

N
BYF =3 K (4.45)
a,b

where the exchange integrals K, are given by eq.(4.16). In hybrid functionals, the XC
functional is given by

EXZ(a) = aBEF + (1 - a)ERFT + ERFT (4.46)

where 0 < a < 1 is a parameter governing the extent of HF exchange to be included and
ERFT and ERFT are the terms of eq.(4.33) (the "DFT” label reminds that these are density
functionals). In the framework of GKS theory, this is equivalent to set

SH{éa}] = Tres[{¢a}] + «BEX [{¢a}] (4.47)

Rlp] = Een[p] + Jlp] + EE™ [p] + (1 — ) EXT T [p] (4.48)
The operator defining the corresponding GKS equations is found to be

~ 1
Prys(r1) = —§V% + Vi (r1) + Valo(rr)] + aVi ¥ (r1)
+ (1= )V p(r)] + VE T p(r1)] (4.49)
where the VH operator acts on the spinorbitals in the same way as the HF exchange

operator, eq.(4.20), and the VPFT and VPFT potentials have the same form of eq.s (4.37)
and (4.44).
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Figure 4.1: (A) The splitting of the Coulomb operator employed in RSH functionals. The
shor-range (SR) and long-range (LR) terms correspond to 1 — erf(vyri2)/r12
(full line) and erf(yriz)/ri2 (dashed line) respectively. The value v = 1 has
been used. (B) Effect of the range separation parameter on the SR and LR
terms. The values v = 0.9 (blue) and v = 0.3 (orange) are compared.

Among the widely used hybrid functionals there is the PBEO functional [71], which is
based on the PBE XC functional (see section 4.1.3) and contains the 25% of HF exchange,
a value obtained from theoretical considerations:

EYBEY = 0.75ELPF + 0.25 EYF + EEPE (4.50)

Probably, the most used hybrid is the B3LYP functional [72, 73], which contains a mixing of
LSDA and B88 exchange along with a mixing of LSDA and LYP correlation and introduces
three parameters to differently weight each contribute:

EZEYT = (1= a)EXSPA + aBYF + 0B + (1 — o) EEP4 + cBEYY (4.51)

where the optimal parameters a=0.20, b=0.72 and ¢=0.81 have been determined by fitting
experimental data.

Range-Separated Hybrid Functionals.

A deeper control on the HF exchange extent included in the functional has been made possi-
ble by the advent of range-separated hybrid (RSH) or long-range corrected (LC) functionals
[74], in which the amount of HF exchange can be modulated upon varying the inter-electronic
distance. To introduce this further flexibility, the Coulomb operator entering the exchange
integrals is split by means of the error functions (erf) in the following way:

1 _l—erf(yr) + erf(yriz) (4.52)

712 712 12

Here, the first and second terms represent the short-range (SR) and long-range (LR) contri-
butions, respectively, and the range-separation parameter -y is used to establish the switching
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Figure 4.2: Comparison between SR and LR terms employed in standard (blue) and CAM
(orange) RSH functionals. The reported SR terms correspond to 1 — er f(vyriz)
and 1 —«a — Ber f(yri2) (full lines), while the LR terms correspond to er f(vyri2)
and « + fBerf(vyri2) (dashed lines). The value v = 0.3, « = 0.2 and § = 0.8
have been used. While for the standard RSH functional the SR and LR terms
are 100% and 0% respectively for 715 — 0, for the CAM functional such values
are given by 8 and « respectively.

distance between the two terms, which corresponds to 1/-. The shape of these terms is re-
ported in figure 4.1. A very successful strategy is to associate the SR and LR terms to the
DFT and HF exchange respectively: the HF exchange is obtained by substituting the LR
term of eq.(4.52) into the HF exchange integrals in eq.(4.45):

N
EYe{0a1(7) =D (Gadsler f(yr12) /12| ¢b60a) (4.53)
a,b

while the SR term is simply obtained by replacing the lacking HF exchange with the DFT

counterpart, indicated as E;g(RD rrlpl(y). The XC for RSH functionals is thus written as

EZEH (v) = EX Br(y) + Ef({%DFT( )+ EETT (4.54)

The parametrization given by eq.(4.52) implies that 100% of HF and DFT exchange are
used at LR and SR, respectively; a more flexible parametrization is the one employed in the
Coulomb-attenuated (CAM) functionals [75], in which two additional parameters o and
allow for a modulation of the HF exchange at both SR and LR basing on the following split
of the coulomb operator:

1 _l-a-ferf(yro) | a+Berf(yria) (4.55)

T12 T12 12
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The effect of @ and 5 parameters is depicted in figure 4.2. The corresponding XC functional
reads

ERH (v,a,8) = aEf(f%HF(V) + (1 - O‘)E}S’({%DFT(V)
+ (a+ B)Ef(?HF(V) +(1—-a- 5)E)L(FDFT('7) + EZFT (4.56)

and the operators defining the GKS equations are found to be

hrsm(ry) = —%@% + Vn(ry) + Vulp(r1)] + aV)?,}}{F(rl) + (1 - Q)VSE%FT[P(I'I)]
+(a+ BVkip(r) + (1 —a = BV prlp(r)] + VE T p(r1)]  (4.57)

where the V;?% r and V)%’I}{  operators act on the MOs in the same way as the HF exchange
operator, eq.(4.20), but with the 1/r;2 term substituted by the first and second terms of
eq.(4.52), and the V' o, Vg o and VEFT potentials have the same form of eq.s (4.37)
and (4.44).

Among the most widely used RSH functionals there are the CAM-B3LYP functional [75]
using the BSLYP XC with parameters v =0.33, «=0.19, 5=0.46 and the LC-PBE functional
[76] using the PBE XC with parameters v =0.47, a=0, 5=1.

4.1.6 Solvent Effect: the Polarizable Continuum Model

Since QM calculations often refer to molecules in solution, it becomes necessary to take into
account also the interaction with the surrounding solvent molecules. A very computationally
efficient method for describing solvent effects is represented by the Continuum Polarization
Model (PCM) [77, 78], in which the solvent is assumed to be described by a continuous di-
electric medium (that is, the atomistic structure of solvent molecules is completely neglected)
and the solute molecule is considered to be encapsulated into a certain cavity within that
medium. To simplify the description of the dielectric polarization induced by the molecular
charge distribution pjs, it is also assumed that the response of the whole dielectric can be
reduced to the response of the cavity surface only. The electrostatic description of such a
system consists in determining the surface charge distribution of the cavity, indicated as
o(s) (where s is a vector indicating a generic point on the surface S), generated by the po-
larization induced by pjs. Basing on the Poisson equation, which provides the electrostatic
potential associated to a certain distribution of charges, the following integral equation is
obtained [79, 80]:

(27r6 i 1 - D) So(s) = —(2r — D)Vas(s) (4.58)

€ —
where V) is the electrostatic potential generated by pp; on the surface and the integral
operators act on a generic function f(s) in the following way

$f(s) = /S L f) as’ (4.59)

s —s

87ns|s—s’\

lA)f(s):/S[ 0 I]f(s) ds’ (4.60)
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where ng represents the unit vector applied at the surface point s and pointing toward the
dielectric.

To reduce the computational effort required for solving this equation, the charge distri-
bution on the cavity surface is discretized into a set of surface elements, each one located
by a vector s, and bearing a charge ¢,,: within this approximation, eq.(4.58) can be recast
in a matrix equation of the form

Tq=-RVy (4.61)

where q and V; are vectors containing, respectively, the surface charges and the electro-
static potential generated by the solute on each surface element, while T and R are the
matrix analogue of operators defined in eq.(4.58) containing the discrete representation of
S and D operators.

Once the surface charges associated to a certain pj; are obtained, they are used to build
the PCM solute-solvent electrostatic interaction operator

Veewm = Z anVar(sy) (4.62)

n

which has to be added to the electronic hamiltonian for molecules in vacuum, eq.(4.6). Since
the Vs potential is to be calculated from the hamiltonian eigensolution, the Schrodinger
equation for the molecule solvated by using the PCM takes the form [ﬁ +Vpeum (U)]¥ = EV,
and has thus to be solved iteratively (starting from a guess set of surface charges) until the
self-consistency is reached.

Since both HF and KS-DFT theory are self-consistent methods, the application of PCM
solvation is straightforward [81]. The resulting Fock and KS operators keep the same forms
given by eq.s (4.18) and (4.35) but with an additional term describing the interaction between
the electron in a given MO and the surface elements charges:

@PC]\/[(rl) = — Z |r1q77n5| (463)

4.1.7 Excited State Calculations: Time-Dependent Density Func-
tional Theory

Response Theory for Wavefunctions.

When a molecule experiences an electromagnetic radiation, the electrons-field interaction
can be responsible for the excitation of the electronic state, which is promoted from its
GS to a certain excited state (ES) upon absorbing the energy provided by the incident
photon. Several advanced wavefunction methods are nowadays available for determining
the molecular ES properties, and all of them are based on the complete calculation of the
ES wavefunction; nevertheless, extended molecular systems are often out of reach because
of the very high computational costs. An alternative less-demanding method is provided
by the QM Response Theory [82, 83, 84], which allows to determine ES properties basing
on the GS response to the incident electromagnetic field, a property that can be obtained
without any explicit calculation of the ES wavefunction.
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The generic hamiltonian describing a molecule interacting with an oscillating electric
field E(t) = Egcos(wt) is given by

H(t) = Hy — p-E(t) (4.64)

where Hy is the unperturbed hamiltonian given by eq.(4.6) and f is the molecular dipole
moment. If the field is weak enough, the interaction term p - E can be treated as a small
perturbation of flo, and p can be referred to as a perturbation operator. The perturbed
wavefunction is indicated as [¥(t)), while the unperturbed GS wavefunction is indicated as
|[¥o). In Response Theory, the mean value of a generic operator O is expressed as a Taylor
expansion with respect to the perturbation operator:

(W(OIONL(1) = (To|OTo) + ((O: 1)) pe™ " + = (Os ) e~ ... (4.65)

[N

where ((O; 1)) is defined as the linear response function, ((O; u, 1)) as the quadratic response
function and so on. The most striking property of the response functions defined in eq.(4.65)
is that they allows for the calculation of a wide range of ES properties (whatever the chosen
operator O) such as transition energies and transition dipole moments for the linear one-
photon absorption (from linear response) but also for the two-photon absorption and excited-
state absorption (from quadratic response). Indeed, by assuming to known the set of H,
eigenstates, {|¥y)}, and using it as basis set for expressing |¥), one can derive explicit
expressions for the response functions; for example, the linear response is found to be given
by
) =3 (WolO[Wg) (Wi|u[Wo) — (Polu[¥i) (Vi|OWo)

O =Y = =) wtB—E (00

from which one can immediately see that the transition frequency for the transition to the
k-th state wgr = Er — Ey corresponds to the singularity of the linear response, that is, the
frequency at which the denominator in eq.(4.66) becomes zero and thus the response func-
tion becomes infinite, while the corresponding transition dipole moments can be extracted
through the so-called residue defined as

lim  Aw — wor) (O3 1)) = (Lo OTx) (T || To) (4.67)

w—r Wok

These relations simply serve as mathematical conditions for the extraction of ES properties
from response functions, which are actually determined without any calculation of the ES
wavefunctions {|¥y)}.

Time-Dependent Hartree-Fock Theory.

Considering an HF wavefunction (expressed in the form of a Slater determinant) for which
are available a set of occupied {¢,} and virtual {¢;} MOs, one can demonstrate that the
linear response function can be calculated as [83]

(o =—(0o) (A B) () (4.65)
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where the matrix elements are built on the occupied and virtual spinorbitals and read

O, = (¢a|Ol¢1) (4.69)

M, = (¢a|ptl i) (4.70)

AY, = 0adij(€a — &) + (atpl1/T12|6:05) — (Badil1/T12]d005) (4.71)
BY, = (Gatul1/r12l6i)) — (batb|1/r12]d;6:) (4.72)

The excitation energies are determined exploiting the singularity condition for the re-
sponse (4.68), which leads to the following eigenvalue matrix equation

(o) ()= 5 6) 4

where the X and Y matrices contain the real 22 and imaginary ¥’ components of the linear
response of the wavefunction, which describe how the perturbation modifies the starting
GS. Such a modification is defined as an orbital transformation which mixes {¢,} with
{¢:}, and therefore the x% element describes the mixing between the a-th occupied and
the i-th virtual MOs. This MOs transformation is equivalent to describe the perturbed
wavefunction as a linear combination of the starting GS Slater determinant ¥, with a
singly-excited determinant ¥? in which one electron is promoted from the a-th to the i-th
MO:

Uy — Uy + 2! U (4.74)

Therefore, the elements of the eigenstates X and Y describe the molecular ESs (one for
each eigenvalue) as sets of z¢ coefficients each one quantifying a specific transition of the
kind ¢, — ¢;. The solution of the above equations constitutes the framework of the Time-
Dependent Hartree-Fock (TD-HF) theory.

Time-Dependent Density Functional Theory.

Since also the KS-DFT formulation makes use of a Slater determinant, the same framework
of the TD-HF theory can be applied to set up the Time-Dependent Density Functional
Theory (TD-DFT) [85, 86, 87]. The equations for calculating the transition energies have
the same form of those of section 4.1.7 but with A and B matrices having matrix elements

AY = 6ab0ij(€i — €a) + (Gatp|1/T12|0it;) — (Gathe| fxcldihy) (4.75)
B2, = (¢atp|L/r12]0i0;) — (bats| fxc|didi) (4.76)

where fxc is the so called XC kernel:
§Vxolp(ry, t1)] _ 2 Exc|p(ri,ty)]
6p(rz,t2) op(ry,t1)dp(ra, t2)

In order to significantly reduce the computational cost, the adiabatic approzimation, which
consists in a total neglecting of the time dependence in the XC kernel, is always considered:

0 (ra,ma) = ) (1.78)

fxe(ri,re,t1,t2) = (4.77)
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In hybrid functionals, where an amount « of HF exchange is inserted within the XC
functional, the A and B matrix elements become [88]

A = 5,655 (€a — €4) + (Padp|1/T12]di6;)
— a(Padill/r12|dud)) — (Patp| fxc|dit;) (4.79)

B3 = (¢adp|1/r12]0i;) — o (Sats|1/712]6;0i) — (Sats|fxc|ddi) (4.80)

where fxc contains in this case a 1 —« coefficient weighting the DFT exchange. When RSH
functionals are instead considered, such matrix elements read:

A = 5ap0i5(€a — €4) + (Gatp|1/T12]di;)
—(Gagiler f(yr12) /T12|dods) — (DaPu|fxc|bid;) (4.81)

BY, = (hatp|1/T12]0:05) — (Sadpler f(yr12) /112|dib:) — (Dats| fxc|djbi) (4.82)

where fx¢ contains a DFT exchange calculated as discussed in section 4.1.5.

4.1.8 Excited State Analysis: Natural Transition Orbitals

As discussed in section 4.1.7, ESs calculated at TD-DFT level are basically described by a set
of z¢ coefficients quantifying the transition from the a-th occupied to the i-th virtual MOs,
which can be in turn associated to the mixing of Slater determinants given by eq.(4.74). A
fundamental information for characterizing each ES is given by how the excitation modifies
the electronic state with respect to the GS, highlighting in particular whether the excitation
transfers electrons from a certain spatial region to another. A quantity that can in principle
allow to readily visualize such a variation is the transition density, which represents the
electron density variation associated to the excitation and is calculated as

pr(ry) = Zxé /~~~/\113(r1,r2,...,rN)\Ilfl(rl,rQ,...,rN) dry...dry (4.83)

Nevertheless, the fact that MOs are often delocalized on the whole molecule along with
the fact that typically different MO couples contribute to the same transition makes such
an ES analysis far from trivial. A powerful tool to address such a problem is provided
by the calculation of Natural Transition Orbitals (NTOs) [89], which are obtained through
a procedure aimed at reducing as much as possible the number of occupied-virtual MOs
couples needed for describing the excitation. Therefore, NTOs necessarily represent MOs
delocalized only over those molecular regions that are strictly involved in the excitation.
NTOs are calculated starting from the transition density matriz having elements calculated
on the occupied and virtual MOs:

Toi = (balpr|di) (4.84)

Since virtual MOs are normally higher in number than occupied ones, the T matrix having
dimension N,.. X Ny is rectangular, and any rectangular matrix can be rewritten in the
form [90]

T = UAV' (4.85)
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where U and V are Nyce X Noee and Nyt X Ny matrices which diagonalize TT and TTT,
respectively, while A is a diagonal matrix containing the square root of the N,.. eigenvalues
of TTT, which can be proved to be identical to the first N, eigenvalues of TIT:

U'TT'U = Ay (4.86)

VITITV = Ay (4.87)

where Ay and Ay are diagonal matrices with dimension Nyee X Noce and Nygre X Noyirt,
respectively, and
Ay =A? (4.88)

(Av)aa = (AU)aa a= 172a'~'aNocc (489)

Another important property is that the sum of A matrix elements is equal to 1, and such
a value can be therefore interpreted as the number of electrons which are excited (that
is, 1). The fact that TT' and T'T share exactly the same eigenvalues means that the
eigenvectors contained in U and in the first N,.. columns of V are somehow correlated,
and since U and V are transformation matrices that can be applied to occupied and virtual
MOs, respectively, to give new sets of MOs, the physical sense of such a correlation falls on
these new MOs, which are referred to as NTOs and are calculated as

(])cho = ¢occU (4~90)

1])\;720 = (;bvirtv (491)

where ¢, and ¢+ are row vectors containing the starting MOs. In particular, by keeping
the a,i index notation for occupied and virtual MOs, respectively, the whole procedure
consists in a ¢ To_d)zgv TO mapping which associates to each a = i couple the value (A) e’
and since such a value corresponds to a fractional number of excited electrons, ¢ and
#NTO represent the MOs describing the transition for such a fraction. Typically, the A
matrix has the first value close to 1 and the others close to 0, and that means that NTOs
allow to map each excitation (originally described by several transition among MOs) onto a
simpler transition involving only two MOs.

4.1.9 Charge Transfer States in Time-Dependent Density Func-
tional Theory

Charge Transfer (CT) states can be generally defined as those ES in which there is a pro-
nounced spatial redistribution of electrons with respect to the GS. CT states are typically
found in large molecules, where the excitation can move electron density from a certain
molecular region to another region spatially separated from it, or in donor-acceptor systems
formed by close molecules, where the excitation can move an electron from one molecule
(the donor, D) to the other (the acceptor, A).

The TD-DFT ability to describe the CT states has been extensively studied over the
years, and several critical issues related to the use of the various functionals have been
straightforwardly individuated [91, 92, 93]; in following sections, such problems and the
strategies proposed to solve them are briefly summarized and discussed.
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Drawbacks of Local and Semi-Local Functionals.

To highlight the TD-DFT deficiencies, it is worth comparing its results with those obtained
from the TD-HF theory. Considering the case of a D-A system for which is assumed a simple
CT transition involving only two MOs, that is, the donor’s HOMO ¢p and the acceptor’s
LUMO ¢4, the excitation energies obtained from the TD-HF and TD-DFT reads [85, 92]:

WERHE = el E _ HE L 2 (dpdall/ri2|lpadp) — (dpda|l/ria|dpda) (4.92)

WEBDPET — KS KBS 4 0 (bpdall/ria|padp) — (ppdp|frcldada) (4.93)

In order to reproduce the TD-HF results, the (¢p@dp|fec|dada) integral in eq.(4.93) should
(i) account for the coulomb interaction described by the last term in eq.(4.92) and (ii) pro-
vide a correction to the S Egs value (in general, KS orbital energies are not reliable
approximations for HF ones). A serious issue is that since ¢p and ¢4 are localized on
different molecules, their vanishing overlap makes vanishing also the (¢p@p|frcldpada) in-
tegral unless f,. increases in a quasi-singular manner in the region where the ¢p and ¢4
tails slightly overlap. But if looking at the XC kernel expression, eq.(4.77), one can imme-
diately realize that (semi)local functionals cannot accomplish this task [91]: indeed, since
the electron density is local, the derivative 6V,.[p(r1,1)]/dp(r2,t2) is non-vanishing only
when r; ~ ry and in regions of space in which the density is appreciable, which is not the
case of the overlap region between ¢p and ¢ 4. Another way for increasing the derivative
value would come from the temporal dependence, but also this possibility is eliminated be-
cause of the the adiabatic approximation (4.78). In conclusion, the locality of the XC kernel
represents an insurmountable problem for correctly describing CT excitations because it
makes impossible not only to recover the TD-HF results, but also to account for any kind
of inter-electronic interactions when the transition involves non-overlapping orbitals!

A further serious issue concerns the lack of physical meaning of the KS orbitals, and
the impact of this deficiency can be easily highlighted upon considering the ideal case of an
infinitely separated D-A system for which (since any D-A interaction can be neglected) the
CT excitation energy trivially becomes

Weor = [PD - EAA (494)

Since for such a system the overlap between ¢p and ¢4 is zero, eq.s (4.92) and (4.93) reduce
respectively to wIPHE = HF _ HF anq IPDFT = KS _ KS and while Koopmans
theorem (4.21) and (4.22) ensures eq.(4.94) to be fulfilled in TD-HF, this is not the case
for TD-DFT. In particular, it has been shown that even for the exact KS functional, for
which the condition (4.21) always holds [94], condition (4.22) cannot be satisfied due to
an intrinsic error of KS theory: the energy given by the exact functional expressed as a
function of the fractional number of electrons corresponds to a sequence of straight segments
presenting derivative discontinuities at the integer values of electrons [95], and the LUMO’s
energy is always overestimated with respect to EA by a quantity equal to the derivative
discontinuity value [96]. Regarding the approximate (semi)local functionals, they do not
present the required discontinuities [97] and this fact is responsible for a systematic error
also for HOMO energy other than LUMO [98].
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Improvements From Hybrid and RSH Functionals.

Regarding the inter-electronic interactions issue discussed in the previous section, the use
of hybrid functionals represents an important improvement: indeed, by comparing the A
and B matrix elements associated to local, eq.s (4.75) and (4.76), and hybrid functionals,
eq.s (4.79) and (4.80), is evident that the fraction of HF exchange has the effect of intro-
ducing in such matrix elements the coulomb interaction between electrons associated to
non-overlapping orbitals (which is the term multiplied by «). Nevertheless, CT excitations
still remain problematic, because to get the correct asymptotic behaviour for the energy of
very separated charges given by 1/R (coulomb law), the HF exchange should be 100% of
the total exchange (that is, « = 1) and such an amount has been shown to strongly worsen
TD-DFT calculations.

The problem of the correct asymptotic behaviour can be easily overcome by using RSH
functionals, in which parameters can be set to provide 100% of HF exchange at LR only, thus
ensuring the presence of a certain amount of DFT exchange at SR. Such a requirement is
automatically fulfilled when considering the simple splitting of eq.(4.52), and can be imposed
also when considering the more sophisticated splitting of eq.(4.55) by setting o + 8 = 1,
which basing on eq.(4.56) leads to 100% HF and 0% of DFT exchanges at LR.

Despite the improved description of inter-electronic interactions in CT states, the lack
of physical meaning of KS orbital energies still represents an issue. Indeed, there are no
theoretical arguments indicating that the use of generic hybrid or RSH functionals could
provide any improvement in this regard; nevertheless, RSH functionals have been showed to
represent the fundamental ingredient for developing a strategy to finally fix the problem of
orbital energies, which is presented and extensively discussed in the next sections.

Improvements From Optimally-Tuned RSH Functionals.

A very conceptually simple strategy for solving the problem of the reliability of KS orbital
energies has been proposed by R. Baer and collaborators [99], who presented a tuning
procedure for the parameters of RSH functionals aimed to force the Koopmans theorem for
KS HOMO and LUMO energies; the new functionals obtained through such an optimization
are commonly referred to as the optimally-tuned RSH (opt-RSH) functionals. In the original
work, authors considered the simple splitting given by eq.(4.52) and performed the tuning
on the v parameter to reproduce the experimental CT excitation energies for D-A systems
composed by aromatic molecules (D) and tetracyanoethylene (A). To avoid the troubles
associated to the LUMO energy predicted at the TD-DFT level (see section 4.1.9), the tuning
have been performed by replacing the LUMO of the normal acceptor (neutral molecule
having N4 electrons) with the HOMO of the acceptor bearing an additional electron (anionic
molecule having N4 + 1 electrons). The procedure for obtaining the optimal - parameter
consists in minimizing the following function:

2 2
T2 () = [Eg?NAﬁ? - IPD(NDJ + [EZ&A,?%) — IPa(n,41) (4.95)

where IPs are simply calculated from GS DFT calculations as
IPpnp) = Ep(vp-1) = ED(p) (4.96)
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IPANa+1) = Bagva — Eava+ (4.97)

The optimal tuning has been extended also to CAM RSH functionals, for which the correct
asymptotic behaviour has been found to be a crucial requirement for getting correct results
[100].

Despite also standard RSH functionals are sometimes able to predict rather good CT
excitation energies [101], opt-RSH has been demonstrated to systematically improve not only
CT excitation energies in separated D-A systems [99, 102] but also the absorption energies
of single molecules, raging from simple molecules having almost fully localized bright states
[104, 103] to covalently linked D-A systems considered as a whole as single molecules [105].
This means that the forcing of Koopmans theorem for frontier orbitals can be considered
a kind of universal criterion to ameliorate the density functionals for the calculation of
transition energies, independently from the ES character: for example, the optimal tuning
has been showed to improve also singlet-triplet gaps in OLEDs [100, 106], a fundamental
quantity governing the possibility of delaying the fluorescence lifetime of the dye thanks to a
reversible inter-system crossing process involving a triplet ES very close in energy to singlet
one.

Improvements From Including Solvation Effects in Optimally-Tuned RSH Func-
tionals.

When solvated systems are considered, a question which immediately arises is whether in-
cluding the solvent effect within the optimal tuning procedure or not. Despite several pos-
sibilities for coupling the optimal tuning and theinclusion of the dielectric screening given
by the solvent have been critically analyzed [107], an universal tuning strategy has not been
emerged yet.

The most simple strategy consists in performing all calculations required for the tuning
by using the PCM model, thereby forcing orbital energies to equal IPs within solvent. This
method has been judged quite untrustworthy because of the fact that it leads to extremely
low optimal + values [108, 109] (corresponding to an unphysical introduction of HF exchange
only at very high distances) which for the case of oligothiphenes have been showed to both
underestimate [108] or overestimate [109] transition energies. Such low optimal «y values
are due to the fact that PCM decreases the IP value but leaves the HOMO energy almost
unaffected, and since both IP and —egopo are increasing function of 7, the condition
emomo = —IP is fulfilled at lower v values [108]. But despite this critical point, the optimal
tuning within solvent has been used to predict extremely precise transition energies for small
multimers of the MEH-PPV polymer [110].

A more prudent strategy consists in tuning the functional for the molecule in vacuum and
then adding PCM in later calculations: this recipe has been showed to provide higher optimal
~ values with respect to the tuning within solvent [108, 109], but these increased values do
not always ensure an improvement for transition energies. Indeed, studies performed on
extensive sets of test molecules showed that in certain cases the optimal tuning in vacuum
ameliorates transition energies, while in other cases is not able to provide any improvement
[100, 109].

A more sophisticated tuning strategy has been proposed for CAM functionals with the
aim of including the solvent screening but avoiding the problems related to the tuning within

65



DFT Studies of RB and its Dimers

;O Sufe Cuss

opened head to tail 1 head to tail 2
PN ‘ (é ? %
crossed C12 stacked C2 stacked

Figure 4.3: The guess RB-C-RB conformations considered as starting points for DFT ge-
ometry optimizations. The red spheres represent the counterions (F5TPB and

).

solvent: such functionals are referred to as Screened Optimally-Tuned Range-Separated Hy-
brid (S-opt-RSH) functionals [111, 112], and the tuning strategy is based on exploiting
the «,8 parameterization to include the solvent screening. The procedure consists in a
preliminary tuning in vacuum to determine the optimal ~ (which is typically performed
testing different starting « and S couples and considering the correct asymptotic behaviour
a+ 8 =1) followed by a second tuning in solvent aimed to optimize « and 3. This second
tuning consists in an « scanning (with v fixed to its optimal value in vacuum) in which 8 is
each time reset to fulfill the condition

a+p= é (4.98)

which represents the correct asymptotic behaviour in presence of the dielectric screening op-
erated by the solvent via its dielectric constant € (that is, the Coulomb law within a dielectric
medium). S-opt-RSH functionals has been showed to give correct orbital ordering [111] and
to ameliorate the CT transition energies with respect to non-screend opt-RSH functionals
when used on D-A systems composed by anthracene derivatives (D) and tetracyanoethylene

(A).
4.2 DFT Investigations on Rhodamine B Dimerization

4.2.1 Geometrical Conformations of Rhodamine B Dimers

In order to confirm the experimental insights discussed in previous sections, several RB-C-
RB conformations have been analyzed by means of DFT calculations aimed to quantify how
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Figure 4.4: Results of geometry optimizations for RB-C-RB conformations in presence of
the Cl~ counterion. (A) Head to tail 1 conformation with C12 linker. (B)
Head to tail 2 conformation with C12 linker. (C) Stacked conformation with
C2 linker. (D) Head to tail conformation with C2 linker.

counterions affect their stability. The different conformations have been obtained from the
set of guess structures depicted in figure 4.3 (the red spheres indicating the counterions),
which have been used as starting geometries for DFT geometry optimizations. The set
comprises a conformation in which the RBs are completely separated (opened structure),
the counterions act as spacer (head to tail structures), a crossed conformation which is
likely to be formed in solution [113, 114] and a stacked structure. It is worth noting that
for such structures a classification purely in terms of H and J dimers could be misleading.
Indeed, basing on exciton theory, H dimers require the xanthene planes of the two RBs to
be parallel (see section 1.1), and such a condition can be satisfied with and without the
spacing given by the counterion (for example, H dimers can be formed in both stacked and
head to tail conformations), while all conformations in which xanthene are not parallel can
be in principle classified as J dimers. In the present analysis, dimers are defined as those
conformations in which the two RBs are very close in space, i.e. it is assumed that the
spacing given by the counterion (actually F5TPB only) is wide enough to prevent the RB-
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Figure 4.5: Relative stabilities of optimized RB-C-RB conformations. (A) C12 linker with
Cl~ counterion. (B) C12 linker with FSTPB counterion. (C) C2 linker with
Cl~ counterion. (D) C2 linker with F5TPB counterion.

RB electronic interaction (or coupling) which gives rise to the exciton formation (i.e., the
formation of real H and J dimers). Regarding the comparison between the two linkers, the
lower flexibility given by the C2 chain does not allow to consider the same conformations
tested for the C12 one. In particular, the C2 chain is not long enough to build the head
to tail 1 and the crossed structures. Moreover, two different stacked conformations (both
indicated in figure 4.3) have been considered for the two linkers: i) a structure having the
two phenyl groups on different sides has been chosen for the C12 chain, given its flexible
chain, while ii) a structure having the two phenyls on the same side is instead considered
for the C2 chain. Geometry optimizations have been performed using the B3LYP functional
with the D3 correction for dispersion interactions, the 6-31G* basis set and by including the
solvent (dioxane) at the CPCM level.

Dimers with C12 Linker Chain

The comparison of DFT geometry optimization results for conformations containing the
two counterions clearly reveals the ability of F5TPB to act as a spacer for RBs. Indeed,
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optimizations keep basically unchanged all the guess structures of figure 4.3 when F5TPB
is considered, and the important result here is that the head to tail 1 and 2 conforma-
tions, having the counterion intercalated between RBs, represent stable structures (in other
words, F5TPB is not moved away during the optimization). Instead, when considering the
Cl™ counterion a different picture arises, because while the stacked and crossed conforma-
tions keep their guess geometries (stable structures), the intercalated structures are deeply
modified during the optimization. As reported in Figure 4.4, the head to tail 1 relaxes to a
conformation in which the two xanthene planes (originally parallel) are significantly slided
(figure 4.4A) while the head to tail 2 relaxes to a stacked conformation in which the C1~
counterion is removed from the space between RBs (figure 4.4B). The fact that head to tail
1 does not relax to a stacked form is to be imputed to the relative position of the phenyl
groups that, being on the same side, would lead to a too distorted chain arrangement in the
stacked form. But this is not the case for head to tail 2, in which the xanthene stacking is
indeed formed, thereby demonstrating the inability of the small Cl~ counterion to act as a
spacer.

The relative stabilities of the optimized conformations (given by the energy differences
separating their DFT GS from the one of the most stable conformation) are reported in
Figure 4.5. The first relevant finding is that all conformations are very stabilized with respect
to the opened structures, indicating that RBs always tend to be stabilized by interacting
each other and independently from the nature of the counterion. The second and most
important finding is that the comparison between the two counterions allows to finally
justify and quantify the ability of F5TPB to act as an efficient spacing agent for the dyes.
In fact, when the Cl~ counterion is considered, the stacked structure is found to be the
most stable conformation (figure 4.5A), but when Cl~ is replaced with F5TPB the most
stable conformation becomes the head to tail 2 conformation (figure 4.5B), confirming that
the RB-F5TPB interactions stabilize the intercalated form with respect to the stacked one.
These results are fully in line with the experimental FQY measurements, from which one
expects the stacked form (representing a quenching species) to be the most stable in presence
of CI™ but not in the presence of F5TPB.

Dimers with C2 Linker Chain

For the short C2 linker chain, basically the same results of the C12 case have been found.
First of all, the geometry optimizations keep unaltered the guess structures only with
F5TPB, while the head to tail conformation relaxes to a stacked structure when consid-
ering Cl™ (figure 4.4D). Regarding the stacked conformation, it is worth nothing that the
stiffness given by the very short linker does not allow to reach a complete stacking between
the two xanthene planes, which differently from the C12 case (maintaining the fully stacked
arrangement), get slight shifted each other during the optimization (figure 4.4C). More-
over, such slided structure is also that formed starting from the head to tail conformation.
Notably, the stabilization given by the spacing action of FSTPB can be clearly observed
by comparing the relative stabilities of structures containing the two different counterions:
while for the Cl1~ case the most stable structure is the stacked one (figure 4.5C), the most
stable structure for F5TPB is that having the counterion intercalated between the two RBs
(figure 4.5D).
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Figure 4.6: Molecular structures of H (left) and crossed J (right) dimers used for TD-DFT
calculations (geometries have been optimized at the DFT/B3LYP-D3/6-31G*
level.

4.2.2 TD-DFT Investigations on Rhodamine B Dimers Excited States

In order to investigate the optical and photophysical properties of different dimer conforma-
tions and, in particular, to confirm the experimental evidence concerning the possibility of
having fluorescence from J dimers and quenching from H dimers, TD-DFT ES calculations
have been performed by considering a simplified dimer model. Such model neglects both
counterions and linker chain, with the monomer unit being chosen to be a simple RB ethyl
ester. For the J dimer the crossed configuration presented in Figure 4.3 has been chosen,
while for the H dimer the stacked configuration has been obviously considered. The guess
geometries have been optimized at the DFT/B3LYP-D3/6-31G* level with dioxane solvent
described with the CPCM method. The resulting optimized structures are reported in Fig-
ure 4.6. Dimers typically present CT ESs describing a transfer of electron density between
the monomer units. Since these states are normally dark, they can provide quenching chan-
nels, with population transfer from the fluorescent bright state (referred to as Locally Excited
state, LE) to the CT dark state happening via internal conversion processes. Therefore, a
good description of the CT states energies (especially with respect to LE ones) is crucial for
correctly simulating the photophysical properties of dimers.

Basing on the discussion of Section 4.1.9, DFT functionals of different kind have been
compared for studying how the CT states are affected by the inclusion of HF exchange with
and without range-separation and, most importantly, by performing the optimal tuning
with and without including the screening from the solvent. Two functional families have
been compared: the first family comprises the hybrid, RSH and opt-RSH versions of the
functional exploiting the B88 exchange with the LYP correlation, while the second comprises
the same versions but related the PBE exchange-correlation functional. The full list of tested
functionals is:

e Standard hybrid functionals: B3LYP and PBEO.
e Standard RHS functionals: CAM-B3LYP and LC-PBE.
e v*RHS functionals: optimally tuned versions of CAM-B3LYP and LC-PBE in which
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Figure 4.7: (A) ~ optimal-tuning leading to the v*CAM-B3LYP functional (« = 0.2, 8 =
0.8). (B) « optimal-tuning leading to the S-y*a*CAM-B3LYP functional (y =
0.13).

7 is tuned in vacuum using « and § fulfilling the correct asymptotic behaviour (a4 =

).

e S-v*a*RHS functionals: screened optimally tuned versions of CAM-B3LYP and
LC-PBE in which « is tuned in vacuum (same procedure of v*RHS functionals) and «
is further tuned within solvent including the dielectric screening, that is, by imposing
a+ 8 =1/e (see section 4.1.9).

While tuning has been performed using the 6-31G* basis set, ES calculations have been
performed by using the more extended 6-311+G* within dioxane at the CPCM level.

Optimally-Tuned Parameters.

The optimal ~ values obtained from the CAM-B3LYP and LC-PBE tuning in vacuum are
summarized in table 4.1, and the typical shape of the J? function, eq.(4.95), is showed
in Figure 4.7A. The «, couples have been fixed basing on literature suggestions, which
commonly recommend small « values (as more reliable) [107]. A very striking result is that
the HF exchange seems to play a kind of universal role in satisfying the Koopmans theorem:
indeed, the @« = 0 and 8 = 1 combination, for which no SR HF exchange is considered, is
the only one leading to different optimal parameters for CAM-B3LYP and LC-PBE. When
SR HF exchange is inserted, both functionals lead to almost identical optimal values (see
Table 4.1), a results that has been already reported in literature [100]. This means that
when an even very small fraction of SR exact exchange (5%) is set into the functional, the
different nature of DFT exchange of the two functionals (i.e., B88 and PBE) does not have
any influence on the tuning. All the tested a,f couples allow for a satisfactorily fulfilling of
the Koopmans theorem, and the associated optimal v values fall in a rather narrow range
(0.10-0.17). The value v=0.13 has been chosen for performing the a tuning within solvent,
which leads to the optimal value o = 0.28 (with the associated § = 1/e — a = 0.164) for
both the CAM-B3LYP (see Figure 4.7.B) and LC-PBE functionals.
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a=0 a=0.05 a=0.1 a=0.15 a=0.2

Functional B=1 | B=095| =09 | =085 | B=08
0.10 0.17 0.16 0.14 0.13
* _
VCAMBILYP | 601y | 0.047) | (0.046) | (0.044) | (0.020)
0.18 0.17 0.16 0.14 0.13

v*LC-PBE

(0.051) | (0.047) | (0.047) | (0.038) | (0.020)

Table 4.1: Optimal v parameters obtained from the tuning in vacuum. The corresponding
J minimum values (calculated as the square root of J? and expressed in eV) are
reported in parenthesis.

. Transition . Transition
Functional Functional
energy (eV) energy (eV)
B3LYP 2.59 PBEO 2.64
CAM-B3LYP 2.80 LC-PBE 2.93
~v*CAM-B3LYP 2.69 ~v*LC-PBE 2.69
S-v*a*CAM-B3LYP 2.70 S-v*a*LC-PBE 2.74

Table 4.2: RB monomer’s transition energy calculated at the different TD-DFT levels. The
experimental value is about 2.21 eV.

4.2.3 Rhodamine B Excited States

Table 4.2 reports the RB monomer’s transition energies predicted by the two families of DF'T
functionals considered. Being the experimental value of the absorption maximum ca. 2.21
eV, it is evident that hybrid functionals give better results, while RSH functionals lead to
significant discrepancies, up to 0.6-0.7 eV, in their standard versions. It is worth mentioning
that the discrepancy mentioned above include a systematic error, since a direct comparison
between computed vertical transition energies and experimental absorption maxima does
not take into account the important role of vibronic effects (that could significantly shift
the main absorption band with respect to the vertical transition). Since the two y*RSH
and the two S-y*a*RSH functionals give respectively very similar results, one can conclude
that also for transition energy calculations the most relevant parameter is the amount of
HF exchange, which mostly determines the results. Therefore, the comparison between
hybrid and standard RSH functionals allows to speculate about the origin of the error given
by the latter. Since BSLYP and CAM-B3LYP introduce almost the same amount of HF
exchange at the SR (20% and 19% respectively), a crucial parameter affecting the transition
energy turns out to be the HF exchange introduced at the LR (20% and 65%), for which
too high amounts represent an important source of error. The situation is even worst when
using the LC-PBE, in which the introduction of 0% and 100% of SR and LR HF exchange,
respectively, represents a very poor combination. But the very surprising result is that,
contrary to what expected from literature, also optimally-tuned RSH funtionals are found to
be unable to improve significantly the transition energy. The comparison between standard
RSH and v*RSH functionals allows to indentify a second source of error, i.e. the range-
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Figure 4.8: RB Dimers’ ESs calculated at different levels of theory. LE states are indicated
with full lines while CT states are indicated with dashed lines. (A) B3LYP
family functionals. (B) PBE family functionals.

separation parameter. Indeed, passing from the standard CAM-B3LYP to the y*CAM-
B3LYP functional, a clear improvement is observed, and since both functionals have almost
the same SR HF exchange (19% and 20% respectively) and a rather high LR HF exchange
(65% and 100%), such an improvement has to be imputed to the reduction of v from 0.33 to
0.13, which implies the introduction of LR HF exchange at longer distances. Unfortunately,
the comparison between v*RSH and S-y*a*RSH (which share the same optimal 7) does
not help in shedding further light on the effect of HF exchange. Indeed, the SR amount
increase (from 20% to 28%) due to the tuning within solvent is accompanied by a LR amount
decrease (from 100% to 44%) given by the screening condition. The fact that the transition
energies given by the two functionals are very similar is related to such a compensation.

4.2.4 Rhodamine B Dimers Excited States

The lowest four ESs predicted by the two families of functionals for the H and crossed J
dimers are reported in Figure 4.8. In both dimers, two LE and two CT states are found,
and the representative NTOs associated to the transition describing the H dimer ESs are
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Figure 4.9: Typical NTOs (B3LYP calculation) associated to the major transition describ-
ing the first four ESs of the H dimer.

depicted in Figure 4.9. All functionals predict oscillator strengths for the LE states that
are fully in line with what expected from exciton theory: in the H dimer the lower state is
dark and the higher is bright, while in crossed J dimer both states are bright. Moreover,
the H dimer main peak is blue shifted with respect to the monomer by a quantity that is
quite close to the experimental value (error within 0.08 eV, see Table 4.3), confirming that
the stacked conformation is really the species responsible for the rising of the blue-shifted
shoulder in the absorption spectra. It is evident that the different functionals in each family
predict a very different stabilization for the CT states with respect to LE. Again, the two
v*RSH and S-v*a*RSH functionals give almost identical results, indicating that the amount
of HF exchange is the important parameter also for the relative stabilization of CT states,
independently from the nature of the DFT counterpart.

The comparison of the various functionals allow to speculate about the kind of HF
exchange, since its leading role in affecting the CT states energy. First, a crucial parameter
seems to be the HF exchange introduced at the LR level. Indeed, going from B3LYP to
CAM-B3LYP, the sensible increase of the LR HF exchange provokes a strong destabilization
of the CT states, which are shifted above the LE states, and the same effect is observed
also passing from PBEO to LC-PBE. Moreover, the v parameter also strongly affect the
CT states energies: going from CAM-B3LYP to v*CAM-B3LYP, which features almost the
same SR HF exchange, the CT states are stabilized by 0.5 eV, and since v*CAM-B3LYP
has a larger LR HF exchange with respect to CAM-B3LYP, such a stabilization is due to
the reduction of v from 0.33 to 0.13.

Regarding the potential consequences on the RB dimers’ photophysical properties, while
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Functional Blue Shift Functional Blue Shift
(nm) (nm)
B3LYP 0.14 PBEO 0.15
CAM-B3LYP 0.07 LC-PBE 0.13
~v*CAM-B3LYP 0.21 ~Y*LC-PBE 0.21
S-v*a*CAM-B3LYP 0.17 S-v*a*LC-PBE 0.12

Table 4.3: Blue shift of the H dimer’s main peak with respect to the monomer (eV). The
experimental value is about 0.13 eV.

Figure 4.10: NTOs describing the bright CT state predicted at the CAM-B3LYP level. The
delocalization tails can be easily individuated upon comparing the shape on

these orbitals with those characterizing the 2"¢ CT state reported in figure
4.9.

for the H dimer all functionals equally describe the possibility of having fluorescence quench-
ing because of the presence of low lying LE dark state (figure 4.8.A), in order to reproduce
the experimental fluorescence in J dimers, calculations should predict the dark CT states to
be destabilized above the bright LE states in this case. We observede that only RSH func-
tionals (in both their standard and optimally-tuned versions) can provide such a picture
(figure 4.8.B).

The most surprising result arising from figure 4.8 concerns the oscillator strengths asso-
ciated to the CT states. In the present study, secondary bright states are defined as those
having oscillator strengths with a magnitude greater or equal the 10% of the main peak,
because such a cutoff value should ensure these secondary peaks to be clearly visible in the
simulated absorption spectrum. Since CT states are described by transitions between NTOs
localized on different monomers (see figure 4.9) and thus characterized by small overlaps,
they are expected to be dark. While this is always the case for the CT states of J dimer, for
the H dimer all functionals except BSLYP, PBEO and LC-PBE predict one of the two CT
states to be bright. The oscillator strengths for the CT states are reported in Table 4.4, with
the comparison between the two v*RSH and the two S-v*a*RSH functionals showing that,
again, the oscillator strengths are mainly dictated by the amount of HF exchange without
any strong dependence on the different kind of DFT exchange employed. The origin of the
brightness is readily justified by inspecting the shape of NTOs. In Figure 4.10 are reported
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Functional (Ztsfelzlriztzr Functional (Ztsfelzﬁztzr
B3LYP 0.076 (0.036) PBEO 0.125 (0.040)
CAM-B3LYP 0.280 (0.021) LC-PBE 0.026 (0.016)
~v*CAM-B3LYP 0.720 (0.033) ~v*LC-PBE 0.680 (0.027)
S-v*a*CAM-B3LYP | 0.332 (0.036) S-v*a*LC-PBE 0.310 (0.029)

Table 4.4: Oscillator strengths for the bright and dark (in parenthesis) CT states in the
H dimer. The B3LYP and LC-PBE functionals are the only predicting low
oscillator strengths for both the CT states.

those associated to the CAM-B3LYP calculation, showing that the staring and final orbitals
are no longer fully localized on each monomer, but instead present small delocalization tails
on the other monomer, leading to a non-vanishing overlap. This CT bright state probably
represents a spurious TD-DFT result, because (i) the experimental absorption spectra does
not show any absorption peak blue-shifted with respect to the shoulder, which is instead
what predicted for instance by CAM-B3LYP and (ii) all functionals predicting a bright CT
state lead also to larger discrepancies in the monomer transition energy, and are therefore
to be considered as less reliable for correctly describing ESs. The most important point
here is that also the optimally-tuned functionals (both with and without including the sol-
vent screening), which are normally considered a formidable tool for ameliorating TD-DFT
calculations, has turned out to be absolutely unable to fix the problem of the CT state
brightness.

The functionals comparison allow to infer what is the parameter responsible for the
presence of this spurious bright CT state. First, one can consider the effect of the LR HF
exchange to have a minor role, because the bright CT state is not predicted by the LC-
PBE functional which introduces 100% of HF exchange at the LR. Secondly, the effect of
the v parameter can be also excluded because, for example, the comparison between CAM-
B3LYP and v*CAM-B3LYP clearly shows that the v reduction does not reduce the oscillator
strength. Therefore, the brightness increase is due to the last parameter left, i.e. the SR
exact exchange, and an important information can be achieved by comparing the B3LYP
and PBEO functionals: the BSLYP functional, which introduces a 20% of HF exchange at
both SR and LR, predicts the CT oscillator strength to be about 2% of the main peak while
PBEO, which instead introduces a 25% of HF exchange, predicts an increase to about 8%.
This result suggests that the very small increase of 5% associated to the switching from
B3LYP to PBEO suffices to sensibly increase the oscillator strength of the CT state, and
since the LR HF exchange has been showed to not affect the brightness, one can conclude
that the key effect is to be imputed to the HF exchange amount at the SR.

In order to systematically study the effect the SR HF exchange on the oscillator strength
of the CT states in the H dimer, its amount has been manually scanned for both BLYP and
PBEO functionals. The resulting CT states oscillator strengths are reported in Table 4.5. As
expected, the oscillator strength rapidly rises upon increasing the HF exchange amount, thus
suggesting that only quite low fractions can ensure the bright CT state problem to be fixed.
This finding can explain the fact that also optimally-tuned RSH functionals predict such
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B3LYP PBEO
HF exchange Oscillator HF exchange Oscillator
(%) strength (%) strength
) 0.014 (0.031) 5 0.010 (0.037)
15 0.039 (0.044) 15 0.031 (0.055)
25 0.106 (0.071) 25 0.125 (0.040)
35 0.424 (0.039) 35 0.408 (0.028)
15 1.114 (0.033) 15 1.082 (0.034)
55 1.809 (0.031) 55 1.770 (0.028)

Table 4.5: Oscillator strengths for the 1% and 2" (in parenthesis) CT states in the H dimer
predicted upon manually increasing the HF exchange within B3LYP and PBEO
functionals.

bright CT state: regarding the v*RSH functionals, the quite low value of SR HF exchange
(20%) does not suffice to lower the brightness because of contributions that could arise
from the extremely large LR HF exchange (100%), while for the S-y*a*RSH functionals the
tuning within solvent leads to a 28% of SR HF exchange, which basing on the above analysis
of the HF exchange effect in hybrid functionals clearly represents a too large fraction.

4.2.5 A Novel Strategy for Improving the Excited State Calculation
for Rhodamine B and Its Dimers.

To most relevant results concerning the TD-DFT ES calcualtion for RB and its dimers can
be summarized as follows:

e Standard RSH functionals give an extremely poor description of the RB transition
energy due to the too large v values and the too large LR HF exchange amounts.

e Optimally-tuned RSH functionals slightly improve the RB transition energy with re-
spect to standard RSH thanks to their reduced ~ values, but errors still remains quite
significant.

e Thanks to the proper amount of LR HF exchange, RHS functionals in both their
standard and optimally-tuned versions predict CT states lying above the bright LE
states in the J dimer, thereby justifying the possibility of having fluorescence.

e The inclusion of a too large fraction of SR HF exchange (indicatively higher than
20-25%) leads to the prediction of a spurious bright CT state in the H dimer.

e Despite having been showed to be the correct method for obtaining improved CT states
energies in certain cases [112], the optimal-tuning including the solvent screening is
not able to fix the problem of the CT state brightness.

Clearly, the unsatisfactory results given by the v*RSH and S-v*a*RSH functionals for RB
and its dimers suggest that the forcing of Koopmans theorem for DFT MOs cannot be
considered an universal successful strategy for obtaining good functionals.
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Figure 4.11: Dimers’ ESs predicted by different couples of «,y* values (in all cases § =
1/e — a). LE states are indicated with full lines while CT states are indicated
with dashed lines. (A) CAM-B3LYP functional. (B) LC-PBE functional.

In what follows it is presented a new strategy for obtaining functionals aimed at fixing the
problem of the bright CT state and at the same time at ameliorating, as much as possible,
the RB transition energy. This strategy is based on the following three main concepts
arising from the above summary: (i) in order to reduce the brightness of the CT state, the
SR HF exchange has to take small values; (ii) the  parameter has to be optimally-tuned
to ensure a correct description of CT states; (iii) no tuning within solvent is performed,
but the screening is still considered through the relation a4+ 8 = 1/e. The first step of the
procedure is the usual v optimal-tuning in vacuum performed by using several «, couples
in which « takes small values (small fractions of HF exchange) and f is given by 1 — «
(correct asymptotic behavior). The second step consists in a parameter scanning aimed at
obtaining the best transition energy for the solvated RB in which the scanned parameters
are «,7* couples where « is the value set in the optimal-tuning and ~* is the associated
optimal value, and where § which is calculated for each couple as 8 =1/¢ — a.

The results of the a,y* scanning (the values of Table 4.1 have been used) for both CAM-
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CAM-B3LYP Transition LC-PBE Transition
energy (eV) energy (eV)
a=0 ~+*=0.10 2.61 a=0 ~+*=0.18 2.48
a=0.05 ~*=0.17 2.51 a=0.05 ~*=0.17 2.50
a=0.10 ~+*=0.16 2.55 a=010 ~*=0.16 2.55
a=0.15 ~*=0.14 2.58 a=0.15 *=0.14 2.58
a=0.20 ~+*=0.13 2.63 a=020 ~*=0.13 2.62

Table 4.6: RB transition energy predicted by different couples of «,y* values (in all cases

B=1/c—a).

B3LYP and LC-PBE functionals are reported in the Table 4.6. What emerges is that the
discrepancy on the transition energy is greatly reduced with respect to the previously tested
RSH functionals, and the observed general trend is an uniform decrease of the error upon
reducing the « value (i.e., the amount of SR HF exchange). Again, the effect of considering
different kinds of DFT exchange is visible only when no HF exchange is introduced: for
LC-PBE, the error continues to decrease even when « reaches the zero value, while the
opposite behaviour is observed for CAM-B3LYP.

The ESs predicted for the H and J dimers are reported in Figure 4.11, from which it
clearly appears that the strategy of forcing small « values successfully eliminates the problem
of the CT bright state in the H dimer. The fact that this recipe ameliorates also the RB
transition energy indicates that a proper amount of SR HF is a fundamental condition for
reaching a correct description for the ESs of RB and its dimers. In conclusion, a values of
about 0.10-0.15 can be considered reliable for both CAM-B3LYP and LC-PBE functionals,
because too small values should be avoided since they could lead to apparently good results
by virtue of compensation errors arising from the use of almost 100% of SR DFT exchange
(this seems to be the case of the LC-PBE functional with o = 0, v* = 0.18 which, differently
from the case of the CAM-B3LYP with o = 0, v* = 0.10, improves the transition energy
with respect to a = 0.5 case).

Regarding the possibility of having fluorescent J dimers, from the comparison with the
ESs predicted by the standard and optimally-tuned RSH functionals, it can be noticed that
(at least for the considered geometry) the first CT state is slightly stabilized below the first
LE state, but since the energy difference between them is quite low (about 0.02 eV for «
= 0.10, v* = 0.16 and 0.03 eV for a = 15, v* = 0.14) one can speculate that different J
conformations having more spaced RBs can present a more destabilized CT state passing
above the LE one thereby allowing the fluorescence from the lowest bright state. The study
of other geometrical conformations, thus, represents a perspective for future research in this
context.
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Conclusions.

The RB tendency to dimerization represents a critical issue that can seriously undermine
the technological application of RB-based LH NPs: indeed, being H dimers fluorescence
quenchers, they could be responsible for a severe loss of excitations from the dye network,
which is in turn responsible for a sensible reduction of the ET efficiency. A very important
information to achieve is how the ET processes are affected by the quenching in the temporal
scale, and macroscopic models offer a reliable tool for shedding light on such an influence
through the analysis of fluorescence decay measurements. In order to establish a reliable
macroscopic model for describing the fluorescence decay within LH NPs, the Gosele model
has been used for including both EEA and quenching from dimers. The detailed analysis
of all the parameters entering the macroscopic model led to the conclusion that when a
small fraction of RB is assumed to dimerize, the quenching becomes visible only in the long
time scale of the decay, where it produces an acceleration that can be considered as the
straightforward signature for the presence of quenching species. Such an acceleration, could
be in principle exploited for determining (through global fitting analysis) relevant chemical
and photophysical parameters, such as the quencher concentration and its non-radiative
lifetime.

Macroscopic models assume a homogeneous distributions of dyes, and therefore cannot
provide any insight about the system organization at the mesoscopic scale, i.e. the spatial
arrangement of the RB molecules within the LH NPs. In such regard, important informa-
tion can be instead achieved through MD simulations, which allow characterization at the
atomistic level of the arrangement of RB molecules within a nano-sized network of dyes and
counterions. However, in order to get reliable MD simulations, a properly parametrization
of the FF is required. In particular, since the networks formed within the LH NPs could be
composed of very close RB units, the RB intramolecular flexibility and the RB-RB interac-
tions become fundamental features that have to be correctly accounted for. Therefore, DF'T
calculations have been used as reference for parametrizing the RB intramolecular torsions
and the LJ parameters describing the xanthene-xanthene interaction occurring in two RBs
approaching to form a stacked H dimer. The parametrized FF has been tested by comparing
MD simulations carried on 10 RB molecules in water solution in presence of F5TPB and
iodide counterions. As expected, in the presence of the F5STPB counterions, the RB-F5TPB
clustering experimentally observed has been correctly predicted (formation of a single ag-
gregate or at most two separated aggregates), while in the presence of iodide no clustering
has been observed. Moreover, the role of spacer proposed for the F5TPB bulky counterion
has been clearly corroborated by the performed MD simulations. Indeed, only few stacked
dimers are observed within RB/F5TPB aggregates and, most importantly, the formation
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of stacked H dimers (i.e. the potential quenchers) has turned out to represent a quite rare
event, being the crossed-J the preferred stacked form. Finally, it is worth noting that despite
the parametrization for the RB-RB interaction required a severe increase of the attractive
interaction between the xanthene planes to correctly reproduce the binding energy in a H
dimer, this has not led to any preferential formation of H dimers that, indeed, resulted
largely prevented by the bulky counterions. Therefore, the presented FF can be considered
a reliable tool to be used in more for sophisticated simulations, including for instance also
the polymer chains that would provide realistic models of synthetic LH NPs.

At the microscopic scale, QM methods can be used for determining the electronic prop-
erties of the individual molecules composing the system and the stability of specific dimeric
conformations. Being RB a rather extended conjugated system, its electronic structure cal-
culation is not feasible by means of wavefunction methods, and therefore one has to rely
on the use of DFT. The presented QM study has been organized in two parts: the first
aimed at rationalizing at the DFT level the F5TPB capability to hinder the formation of
stacked dimers, while the second focused on finding a proper DFT functional for describing
the optical and photophysical properties of dimers (in absence of counterions for simplicity)
at the TD-DFT level.

In order to demonstrate the stabilizing effect given by the F5TPB spacer, this counte-
rion has been compared with the small chloride: several dimer guess geometries have been
optimized by using the B3LYP-D3 functional and their relative stabilities have been ana-
lyzed. It has been found that when F5TPB is considered, the conformation in which this
counterion is intercalated between the two RBs is more stable with respect to the stacked
form presenting the counterion outside. Instead, when chloride is considered no spacing
action is possible: indeed, when the small counterion is intercalated between the two RBs,
the geometry optimization readily removes it to allow reaching the stacked form, which has
been found to be the most stable in this case.

When TD-DFT methods are used for describing the photophysical properties of a certain
molecule, one fundamental quantity that has to be correctly reproduced is the transition
energy associated to the experimental main absorption peak. In order to individuate a
reliable DFT functional, two different families have been tested on RB and its H and J
dimers, including standard hybrid (B3LYP and PBEO) and RSH (CAM-B3LYP and LC-
PBE), optimally-tuned RSH (7*CAM-B3LYP and v*LC-PBE) and an optimally-tuned RSH
accounting for the solvent screening (S-y*a*CAM-B3LYP and S-v*o*LC-PBE). RSH func-
tionals have been demonstrated to be the most reliable for achieving a correct description
of CT states, but when applied to RB they have been found to predict a very overestimated
transition energy, even in their optimally-tuned versions (errors ranging from 0.5 to 0.7 eV).
Moreover, the error on the RB transition energy is always accompanied by the prediction of
a spurious bright CT state in the H dimer. The detailed analysis on the effect of the parame-
ters defining the RSH functionals (i.e., the range separation parameter and the HF exchange
amounts introduced at short and long ranges) has showed that the short range HF exchange
is the crucial quantity for ameliorating the performances. In particular, it has been found
that a small fraction of this exchange allows to compute an improved transition energy and,
at the same time, to fix also the problem of the CT bright state. Basing on these findings, a
new class of functionals containing a sufficiently small fraction of short range HF exchange
(but which is nevertheless physically motivated based on the optimal tuning concept) has
been proposed and tested on dimers. The quenching in H dimer has been proved to be due
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to the presence of dark low lying LE states, while the possibility of having fluorescence from
J dimers, which is correctly predicted by standard and optimally-tuned RSH functinals, can
be speculated to be retained also with these new functionals.

Overall, this PhD thesis, not only provides several insights into the structural, photo-
physical and optical properties of the RB dye and its aggregates (especially its dimers),
but also represents an example of multiscale study based on various type of computational
tools that can used to understand different chemico-physical phenomena (e.g. ET, aggrega-
tion, structural-dependent optical properties, etc.) in complex systems, spanning from the
microscopic to the macroscopic scale.
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Appendix A

Force Field Parameters.

In this Appendix are reported the new FF parameters obtained for the RB ethyl ester and
the F5TPB counterion. All the reported values have been obtained from DFT calculations
performed with the B3LYP-D3 functional and the 6-31G* basis set.

The new atom types defined for the RB parametrzation are reported in Figure A.1, along
with some of the GAFF atom types required for the parameterization of equilibrium bond
lengths and dihedral angles. The new parametrized equilibrium bond lengths are reported
in Table A.1. Regarding the associated force constants, the GAFF values are kept by
considering for each carbon atom in the xanthene plane the GAFF ca atom type. The new
parameters obtained for the torsional energy profiles of xanthene-phenyl, xanthene-amine
and phenyl-carboxyl dihedral angles are reported in Tables A.2, A.3 and A.5 respectively.
The LJ parameters for the atoms indicated in Figure 3.2 that have been parametrized for
describing the RB-RB interaction in a stacked H dimer are instead reported in Table A.6.

Regarding the FSTPB counterion, the calculated equilibrium bond length and force
constant for the B-C bond are 1.6612 A and 541.1 kcal mol~! rad—2 respectively. The
vdW parameters for boron have been taken from ref.[41], and read o = 2.15 A and ¢ =
0.14 kcal/mol. The parameters for the torsion involving boron (rotation of the X-b-ca-X
dihedral angle) have been approximated with those for the X-C(sp?)-C(sp?)-X torsion of the
tetraphenyl-metane taken from ref.[41], in which a vanishing torsional energetic contribution
is considered for this dihedral.
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Figure A.1: New atom types defined for the FF parameterization of RB ethyl ester. In this
picture are reported also some of the GAFF atom types (ca, cp, o, oc, na).

atom types Equilibrium atom tvpes equilibrium

P length (A) P length (A)
coa o 1.2407 cnl ha 1.0870
coa ca 1.4870 cn cnl 1.4420
coa 0s 1.3650 cn na 1.3500
c30 0s 1.4756 ocn cn 1.4210
c30 he 1.0920 ocn ha 1.0870
c3o c3 1.5350 ocn cal 1.3870
ca2 cp 1.4094 c3n na 1.4860
ca2 cal 1.4228 c3n c3 1.5350
cal os 1.3865 c3n he 1.0920
cn2 ca2 1.4252 cn2 cnl 1.3688

cn2 ha 1.0870

Table A.1: New parametrized equilibrium bond lengths for the RB ethyl ester.

n 2 4 6 8
Va -1.6414 0.1914 -0.0582 -0.1644

Table A.2: New parameters describing the xanthene-phenyl torsion (rotation of the X-cp-cp-
X dihedral angle). The n values indicate the different periodicity contributions,
while the V;, values are the corresponding amplitudes (kcal/mol), see eq.(3.4).
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n 2 4 8 10 12

Va -1.7024 0.0224 -0.1055 0.0543 -0.0672

Table A.3:

New parameters describing the xanthene-amine torsion (rotation of the X-cn-na-
X dihedral angle). The n values indicate the different periodicity contributions,
while the V,, values are the corresponding amplitudes (kcal/mol), see eq.(3.4).

n 2 4 6 8 10

V, -1.591 0.0192 -0.0201 -0.0326 -0.0314

Table A.4:

New parameters describing the phenyl-carboxyl torsion (rotation of the X-ca-
coa-X dihedral angle). The n values indicate the different periodicity contri-
butions, while the V,, values are the corresponding amplitudes (kcal/mol), see
eq.(3.4).

n 2 4 6 8 10

V. -1.591 0.0192 -0.0201 -0.0326 -0.0314

Table A.5:

Table A.6:

New parameters describing the phenyl-carboxyl torsion (rotation of the X-ca-
coa-X dihedral angle). The n values indicate the different periodicity contri-
butions, while the V,, values are the corresponding amplitudes (kcal/mol), see
eq.(3.4).

oS na -0.34000 cal ocn -0.17198
os cal -0.24182 cal cn -0.17198
os ca2 -0.24182 cal cnl -0.17198
0s ocn -0.24182 cal cn2 -0.17198
os cn -0.24182 ca2 ocn -0.17198
os cnl -0.24182 ca2 cn -0.17198
os cn2 -0.24182 ca2 cnl -0.17198
na cal -0.24182 ca2 cn2 -0.17198
na ca2 -0.24182 ocn cn -0.17198
na ocn -0.24182 ocn cnl -0.17198
na cn -0.24182 ocn cn2 -0.17198
na cnl -0.24182 cn cnl -0.17198
na cn2 -0.24182 cn cn2 -0.17198
cal ca2 -0.17198 cnl cn2 -0.17198

New LJ parameters describing the RB-RB interaction in a stacked H dimer.
The reported values refer to the € 45 parameters (kcal/mol) of eq.(3.7).
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