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Abstract

Photodynamic therapy is an established treatment against certain types of cancer. This therapy
exploits the excited-state reaction of a photosensitizer (PS) with molecular oxygen and/or
biomolecules of the cells, after being irradiated with light, resulting in singlet oxygen or other
cytotoxic species. The success of this therapy is determined by the double selectivity achievable
thanks to the chemical and photophysical properties of the PS, which regulate the selective
accumulation in the tumour cells and the production of cytotoxic species, respectively. In
this thesis, theoretical modelling has been used to help the design of novel PSs and provide
useful insights into chemical problems related to the development of more efficient photodrugs.
In the first part of this thesis, BODIPYs were selected as a promising class of novel PS
for photodynamic therapy. BODIPYs show many of the desired chemical properties of PSs
but, often, their photophysics is not suited for efficient therapeutic effects. The absorption
maximum of the unsubstituted BODIPY is blue-shifted with respect to the energetic region
adequate to treat deep tumours. Moreover, its strong fluorescence indicates poor intersystem
crossing probabilities and thereby small triplet quantum yields, fundamental to produce cytotoxic
species. Here, two computational methods, CASPT2 and ADC(2), have been used to explore the
excited states topology of this dye. That study provided a detailed photophysical mechanism
of the bare BODIPY and determined the accuracy of ADC(2) against CASPT2, which was
used as reference, to investigate this family of dyes. Since the parent compound is unsuited
for photodynamic therapy applications, meso-substituted BODIPYs carrying halogen atoms have
been also investigated in close cooperation with biolitec research GmbH. It was found that
conjugated substituents in the meso position shift the absorption maximum to the red; however,
they also open a detrimental non-radiative deactivation channel to the ground state mediated
by a S1/S0-conical intersection that prevents efficient intersystem crossing. The introduction of
heavy atoms increases the intersystem crossing probabilities but lowers the relative energies of the
S1/S0-conical intersection, favouring internal conversion to the ground state. As a compromise,
a mono-brominated meso-ethyl-BODIPY was selected as best choice to perform non-adiabatic
molecular dynamics simulations with the SHARC method. Those calculations complemented the
stationary calculations and delivered the actual pathways to populate the triplet manifold and the
associated timescales. In the second part of the thesis, the emphasis was put on existing successful
photodrugs. Temoporfin is a second-generation PS but is very hydrophobic and presents several
issues when administrated to patients. For this reason, an assisted delivery using a liposome carrier
is currently being developed to deliver the PS more selectively to the targeted cells and provide
a more advantageous distribution of the PS inside them. Here, molecular dynamics simulations
were employed to unveil that the origin of the good loading capacity of the vesicles lies on the
formation of hydrogen bonds between Temoporfin and the carrier material. Furthermore, the
umbrella sampling technique was used to simulate the slow drug delivery process from the liposome
to a cell membrane and obtain a free-energy profile. The induced rigidity in the system at the
transient structure, again due to the formation of hydrogen bonds, explains the origin of the energy
barrier, which is then of entropic nature. Finally, at the conformation corresponding to the free
energy minimum, the excited states of the photodrug embedded in the hydrophobic environment
were calculated using QM/MM calculations.
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Zusammenfassung

Die photodynamische Therapie stellt eine etablierte Behandlungsmethode für bestimmte
Krebsarten dar. Hierbei, wird die Reaktion des photoangeregeten Zustands eines
Photosensibilisators (PS) mit molekularem Sauerstoff und/oder Biomolekülen der Zelle ausgenutzt,
die zur zytotoxisichen Spezies führt. Diese Therapie ist wegen ihrer doppelte Selektivität
besonders erfolgreich. Durch die chemischen und photophysikalischen Eigenschaften des PS, kann
sowohl die selektive Anreicherung in den Tumorzellen als auch die Produktion der zytotoxischen
Spezies reguliert werden. In dieser Arbeit werden theoretische Modelle verwendet um hilfreiche
Einblicke in die zugrunde liegenden chemischen Reaktionen zu liefern und so die Entwicklung
von neuartigen und effizienteren Medikamenten zu unterstützen. Für den ersten Teil der
Arbeit wurden BODIPYs als eine vielversprechende Klasse neuer PS für die photodynamische
Therapie ausgewählt. BODIPYs weisen viele der notwendigen chemischen Eigenschaften von PSs
auf, allerdings leidet die Effizienz in therapeutischen Anwendungen unter den unzureichenden
photophysikalischen Eigenschaften. Das Absorptionsmaximum des unsubstituierten BODIPY
ist in Bezug auf den für tiefliegende Tumore therapeutisch relevanten Spektralbereich blau
verschoben. Darüber hinaus deutet seine starke Fluoreszenz auf eine geringer Intersystem-Crossing
Wahrscheinlichkeit hin und damit auf eine geringe Triplett Quantenausbeute, die für die
Produktion der zytotoxischen Spezien entscheident ist. Um die Topologie der angeregten Zustände
dieses Farbstoffs zu untersuchen, wurde sowohl CASPT2 als auch ADC(2) zur theoretischen
Berechnungen verwendet. Die Studie lieferte einen detaillierten photophysikalischen Mechanismus
des bloßen BODIPY und erlaubte die Bestimmung der Genauigkeit der ADC(2) Methode für diese
Farbstofffamilie gegenüber CASPT2, welches als Referenz verwendet wurde. Um die Limitierung
des unsubstituierten BODIPY zu umgehen, wurden mesosubstituierte, Halogenatom tragende
BODIPY Derivate in enger Zusammenarbeit mit der Biolitec Research GmbH untersucht. Dabei
stellte sich heraus, dass konjugierte Substituenten in der Meso-Position eine Rotverschiebung
des Absorptionsmaximum bewirkt. Sie öffnen jedoch auch einen nachteiligen, nicht strahlenden
Deaktivierungskanal, bei dem durch ein konische Kreuzung zwischen S1/S0 der Grundzustand
populiert wird. Dies verhindert ein effizientes Intersystem Crossing. Die Einführung schwerer
Atome, erhöht die Übergangswahrscheinlichkeit für Intersystem Crossing, senkt jedoch die relativen
Energien der S1/S0 konischen Kreuzung, was den internen Übergang in den Grundzustand
begünstigt. Als Kompromiss wurde ein mono-bromiertes Meso-Ethyl-BODIPY ausgewählt,
um nicht-adiabatische Molekulardynamik mittels der SHARC-Methode durchzuführen. Diese
Simulationen ergänzten die statonären Berechnungen, um die tatsächlichen Reaktionspfade und
-zeiten für die Population der Triplett-Zustände zu bestimmen. Im zweiten Teil der Arbeit wurde
der Schwerpunkt auf die Untersuchung bestehender, erfolgreicher Medikamente gelegt. Temoporfin
ist ein PS der zweiten Generation, das jedoch sehr hydrophob ist, was bei der Verabreichung
an Patienten zu einer Reihe von Komplikationen führt. Aus diesem Grund wird derzeit eine
Verabreichung in Kombination mit einem Liposomträger entwickelt, um den PS selektiv zur Zelle
zu transportieren und eine vorteilhaftere Verteilung des PS zu gewährleisten. In dieser Arbeit
wurden molekulardynamische Simulation eingesetzt, um zu zeigen, dass die hohe Trägerkapazität
der Vesikel auf der Bildung von Wasserstoffbrückenbindungen zwischen Temoporfin und dem
Trägermaterial beruht. Darüber hinaus wurde die Umbrella-Sampling Methode verwendet, um
den langsamen Medikamentenabgabevorgang vom Liposom zur Zellmembran zu simulieren und ein
freies Energieprofil des Vorgangs zu erhalten. Die Bildung von Wasserstoffbrückenbindungen im
Übergangszustand führt zu einer starren Konformation an selbiger, was den entropischen Ursprung
der Energiebarriere erklärt. Abschließend, wurden die angeregten Zustände des Medikaments in
der hydrophoben Umgebung für die Konformation, mit minimaler freie Energie, mittels QM/MM
berechnet.
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Sumario

La terapia fotodinámica es un tratamiento establecido contra específicos tipos de cancer. Esta
terapia explota la reacción en el estado excitado de un compuesto fotosensible (PS) con oxígeno
molecular y/o biomoléculas celulares después de ser irradiado con luz, resultando en oxígeno singlete
u otras especies citotóxicas. El éxito de esta terapia es determinado por la doble selectividad que
se consigue gracias a las propiedades químicas y fotofísicas del PS, que regulan respectivamente
la acumulacion selectiva en las células tumorales y la producíon de especies citotóxicas. En esta
tesis han sido usados modelos teóricos para diseñar nuevos PSs y proporcionar perspectivas útiles
sobre problemas químicos relacionados con el desarrollo de foto-medicamentos mas eficientes. En
la primera parte de esta tesis, seleccionamos BODIPYs (usados generalmente como tintes) como
una clase prometedora de nuevos PS para ser usados en terapia fotodinámica. Los BODIPYs
presentan muchas de las propiedades químicas que deseamos que presenten los PS pero sus
propiedades fotofísicas generalmente no son adecuadas para efectos terapeuticos que sean eficientes.
El máximo de absorción del espectro visible del BODIPY más sencillo está desplazado al azul con
respecto de la region energética adecuada para tratar los tumores mas internos. Ademas su fuerte
fluorescencia indica una baja probabilidad de cruce entre sistemas y por lo tanto rendimientos
cuánticos de triplete bajos, que son fundamentales para producir especies citotóxicas. En este
estudio hemos usado dos métodos computacionales CASPT2 y ADC(2) para explorar la topologia
de los estados excitados de este tinte. Ese estudio proporcionó un mecanismo fotofísico detallado
del BODIPY más simple y determinó la exactitud de ADC(2) frente a CASPT2, que fue usado
como referencia para investigar esta familia de tintes. Como el compuesto base no es adecuado
para aplicaciones en terapia fotodinámica, también estudiamos BODIPY meso substituidos que
llevan además átomos de halógeno, en cooperación con la empresa biolitec research GmbH. Se
descubrió que substituyentes conjugados en posición meso desplazan hacia el rojo el maximo de
absorción; sin embargo también abren un indeseado canal de desactivación no radiativo hacia
el estado fundamental mediado por una intersección conica S1/S0 que previene un eficiente cruce
entre sistemas. La introducción de átomos pesados aumenta la probabilidad de cruce entre sistemas
pero disminuye la energía relativa de la interseccíon conica, favoreciendo la conversión interna al
estado fundamental. Para llegar a un compromiso, un meso-etil-BODIPY mono-brominado fue
seleccionado como el más cualificado para llevar a cabo simulaciones de dinámica molecular no
adiabática con el metodo SHARC. Este proceso complementó los calculos estáticos y produjo las
rutas más probables para poblar los estados tripletes y los tiempos de reaccíon asociados. En la
segunda parte de la tesis, pusimos enfasis en fotomedicamentos existentes que ya han sido utilizados
con éxito. Las Temoporfirinas son fotosensibilizadores de segunda generacion muy hidrofobicos
que presentan problemas cuando son administrados a pacientes. Por este motivo biolitec research
GmbH ha desarrolado una entrega asistida usando un liposoma como portador para poder llevar el
fotosensibilizador de un modo más selectivo a las células objetivo y proporcionar una distribución
más ventajosa del PS en su interior. En este punto utilizamos simulaciones de dinámica molecular
para descubrir que el origen de la gran capacidad de carga de las vesículas proviene de la formación
de enlaces de hidrógeno entre el Temoporfin y el material de transporte. Adicionalmente utilizamos
el metodo umbrella sampling para simular el lento proceso de transporte desde el liposoma a la
membrana celular y obtener así un perfil de energía libre. La rigidez inducida en el sistema en la
estructura transitoria, de nuevo debido a la formación de enlaces de hidrógeno, explica el origen
de la barrera energetíca, que es de naturaleza entrópica. Finalmente, en la conformación que
corresponde al mínimo de energía, los estados excitados del fotomedicamento rodeado por el medio
hidrofóbico fueron calculados usando QM/MM.
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Chapter 1

Introduction

In this chapter a brief overview on photodynamic therapy (PDT) will be provided together with
the purpose of the computational studies that are core to this thesis.

1.1 Photodynamic therapy and its therapeutic mechanisms
The photodynamic effect is the result of the interaction of a photosensitive molecule, called
photosensitizer (PS) with light radiation. Such interaction promotes the PS in its electronic
excited state, so that it can react with molecular oxygen O2 or other biological substrates forming
cytotoxic species that damage living tissues.1,2 Currently such effect is employed as a medical
treatment in PDT. This therapy is particularly suited for the treatment of certain types of
cancer3–5 as well as other pre-malignant conditions,6 age-related skin blemishes7,8 and could
be extended to infectious diseases9 and diabetes10 in the near future.11 All these applications
are achieved because PDT is minimally invasive and potentially extremely selective towards the
diseased tissues.12 It is minimally invasive thanks to the use of light irradiation whereas the
selectivity is obtained through the therapeutic mechanism. Figure 1.1 schematically represents the
two-step mechanism of PDT, origin of the high selectivity of this therapy. The PS is chemically
designed so that it preferentially accumulates in the targeted tissue or is delivered by a specific
pharmaceutical carrier (i). Afterwards, (ii) the therapeutic effect is achieved irradiating the
selected area with a source of light able to excite the PS.

It is evident that the PS plays a central role determining the selectivity of the therapy according
to its chemical (i) and photophysical properties (ii).13–15

Figure 1.1: Scheme of the two-step mechanism of photodynamic therapy.

Once the PS is accumulated in the cell, the therapeutic effect is initiated by light irradiation. This
light should have a wavelength corresponding to the absorption maximum of the PS. The sources
of light used nowadays to excite PSs can be either lasers or light emitting diodes.16 The advantage
of using a laser is its monochromaticity, characteristic that allows more accurate dosimetry of
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CHAPTER 1. INTRODUCTION

both light irradiation and PS.12,16 Besides matching the PS absorption maximum, the wavelength
adopted for the excitation should also be able to penetrate the tissues for the treatment of deep
tumours. This condition defines the so-called "therapeutic window", an energetic range comprised
between 600 and 800 nm, in which most of the tissue components are transparent.1,11

The compounds employed as photosensitive drugs, present commonly a closed shell electronic
structure in their ground state, hereafter labelled as 1PS0. Accordingly, the excited states created
upon light absorption will also have a singlet multiplicity, denoted as 1PSn.

The reaction between the excited PS with its surroundings that will eventually produce the
cytotoxic species, requires the PS in its triplet excited state. In fact, triplet excited states have
longer lifetimes with respect to their singlet counterpart because the 3PS1−1PS0 transition is
spin-forbidden. Therefore, an intersystem crossing (ISC) event is necessary in order to populate
a triplet excited state 3PSn from the singlet counterpart 1PSn. Once in the triplet manifold the
lowest triplet state of the PS (3PS1) is populated through an internal conversion (IC) process, as
illustrated in Figure 1.2.

Figure 1.2: Scheme of the Type II mechanism of PDT.

From the 3PS1 state of the PS, two different processes, which are defined as Type I and Type II
mechanisms in PDT, can occur:

• An electron transfer (Type I) from the PS to either molecular oxygen or a biological substrate.
This process would leave the PS positively charged and with double multiplicity while a
radical species is formed inside the cells. Under the Type I category also falls an hydrogen
abstraction reaction in which the PS would be protonated and the biological substrate
involved would present an unpaired electron. Radical species reacting with oxygen can form
very oxidant reactive oxygen species (ROS). The electronic structure of molecular oxygen
predisposes it to form radical species because of the two unpaired electrons in the π orbitals.
The acquisition of one electron by the oxygen molecule would lead to the formation of the
superoxide ion O•

−

2 that can be further reduced to form hydrogen peroxide H2O2. Even more
reactive is its subsequent reduction product, the strong oxidant hydroxyl radical HO•.

• An energy transfer (Type II) from the PS to the molecular oxygen present in the medium. The
energy transfer returns the PS to its fundamental state and promotes the oxygen molecule
to the 1O2 excited state, as showed in Figure 1.2. Singlet oxygen is a very potent cytotoxic
agent. An excited electron of O2 can populate two low lying singlet excited states 1∆g and
1Σ+

g at 0.98 eV and 1.37 eV respectively relative to the 3Σ−g ground state minimum. The
1Σ+

g state has a very short lifetime, since the relaxation to 1∆g is very fast. 1∆g on the
other hand, is a long-lived excited state since the transition back to the fundamental state is
spin-forbidden.17

2



1.2. PHOTOSENSITIZERS

A Type II mechanism is usually preferred over Type I, as it produces a unique cytotoxic product
1O2, recovers the PS in its original form, and produces stronger photodynamic effects on the
diseased cells.2 Since the PS deactivates back to its initial 1PS0 ground state, more cycles can be
achieved within a single dose of PS injected in the patient. A good PS can produce 103 − 105

molecules of 1O2,17 before suffering itself from photodegradation.

The final products of both Type I and II mechanisms are identified in general as ROS. These
species, produced inside the cell, would interact with biologically relevant substrates modifying
and disrupting the normal functioning of the cell, thus causing its death by apoptosis, necrosis or
autophagy.2,18
Therefore, indipendetly of the mechanism, the presence of molecular oxygen in the tissue is
important for the efficiency of the therapy. This molecule is present in the human body in different
concentrations depending on the type of tissue. For instance, solid tumors often present hypoxic
conditions5. This could be disadvantageous for PDT because the high reactivity of siglet oxygen
results in very short lifetimes of this species and limited diffusion.16 An optimal distribution of the
PS inside the cell is therefore also essential for the therapeutic efficiency.11,12

1.2 Photosensitizers
The main actor in PDT is the photodrug. Its chemical properties define the first level of selectivity
towards the diseased tissues and regulate its distribution inside the targeted cell.

Moreover, since the production of the cytotoxic species is initiated from the first triplet
excited state 3PS1 of the PS, its photophysics should assure intense light absorption within the
"therapeutic window" and efficient singlet-triplet ISC.

Besides the properties mentioned, potential PSs to be employed in PDT should also fulfil the
following conditions:

• Inertness in the absence of light (no dark toxicity);

• Solubility in both aqueous and hydrophobic media for a proper pharmacokinetics;

• For a Type II mechanism, the lower triplet excited state should have sufficient energy (at
least 0.98 eV) to promote the 3Σ−g →1 ∆g transition in O2 with an energy transfer;

• A certain resistance to photobleaching processes promoted by ROS.19

Several classes of chemical compounds have been employed so far as PS agents, including simple
organic dyes, aromatic hydrocarbons, porphyrinoids and transition metal complexes.17

The most popular class of PSs clinically employed in PDT are porphyrins and phorphyrin
derivatives. The tetrapyrrol scaffold is a common moiety among biological molecules, (e.g. the
haem complex) and was therefore considered a suitable platform for biological applications.15
Porphyrin based PSs, have been classified into three generations, according to their development
as photodrugs. The first generation of PSs mainly consists of Hematoporphyrin derivatives and
analogues.13 These were the first compounds approved to be used clinically. However, their
formulation consisted of a mixture of aggregates, ranging from dimers up to nine Hematoporphyrin
molecules linked together, i.e. a single active compound couldn’t be isolated.13,15,20 More
importantly, these first PSs showed poor selectivity towards tumour tissues and were only
partially able to absorb in the red region of the UV-Vis spectrum, thus limiting their application
to superficial tumours.13 These problems required high dosage of PS, resulting in prolonged
photosensibility of the patient after the treatment.12

The development of second-generation PSs solved many of these issues. These PSs allowed for
formulations easy to characterize and that can be produced in large scales, as the photoactive
compound is a unique, isolated molecule.17

Second-generation PSs are for example chlorins and bacteriochlorins derivatives.13,15 Compared to
their parent porphyrin compounds, in these derivatives one or two double bonds of the tetrapyrrol

3



CHAPTER 1. INTRODUCTION

scaffold have been reduced breaking the otherwise symmetric structure.21 The hydrogenated
compounds present an enhanced absorption for one of the Q bands, characteristic of the low-energy
region of porphyrinoids absorption spectrum.

An interesting class of compounds that belong to the second generation of PSs is hydroporphyrins,
in particular the ones belonging to the meso-tetra(hydroxyphenyl)porphyrin series.22 Among
these, the most relevant from the clinical point of view is 5,10,15,20-tetra(m-hydroxyphenyl)chlorin
(mTHPC or Temoporfin), see Figure 1.3 (a). This PS is currently clinically employed3,6 under the
proprietary name of Foscan®, formulated as an ethanol and propylene glycol solution. Despite
promising, second-generation PSs still present room for improvement, namely,

• The pharmacokinetics of the drug should display fast accumulation in the tumour tissues
and fast clearance from healthy ones, assuring high selectivity and very short phosensitivity
periods in the patient after administration.

• The chemical properties of the drug should assure easy solubility in aqueous media for a
smooth administration and distribution of the PS through the bloodstream. Still, a certain
affinity for hydrophobic environments should also be guaranteed for cell penetration across
the cell membrane.

• The photoactive compound should show a certain resistance to photodegradation from the
ROS produced. This would allow to limit the PS dosage and achieve more therapeutic cycles
within a single injection.15

Figure 1.3: Structures of mTHPC (a) and of the BODIPY (b).

The seek for improved PSs is an ongoing, very active and broad research area. The photobleaching
rate of chlorin-based PSs is one of the problems of second generation PSs. The structural
degradation of the PS induced by the ROS could in fact lead to toxic undesired products besides
depleting the cytotoxic species necessary for therapeutic purposes. Moreover, chemical modification
of porphyrinoids are challenging, hindering the use of different substitution patterns to modulate
their properties, e.g. solubility. These reasons redirected the efforts to the search of novel PSs
based on different scaffolds, as for example the family of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) derivatives (see Figure 1.3 (b)).16,19 This class of compounds is chemically versatile,
allowing a fine tuning of their properties by inserting functional groups on the core structure.23,24

Another problem of second-generation PSs arises from the hydrophobic tetrapyrrole scaffold. The
hydrophobic character implies precipitation phenomena at the moment of injection.25 Moreover in
hydrophilic media, like blood, such compounds tend to form aggregates, that are less photoactive
with respect to the monomeric form of the PS.26,27 The solubility problem has been tackled
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adopting pharmaceutical nano-carriers for an assisted delivery of such hydrophobic drugs.25,28

In the case of Temoporfin (Figure 1.3 (a)), a PS on its way from second to third generation,29
a liposomal formulation besides assuring solubility in polar media without the formation of less
active aggregates, also provided more efficient distribution of the compound in the body and inside
the tumour cells, increasing the selectivity of the therapy.4,28,30–32

1.3 Aim of this thesis
In this thesis, theoretical modelling is employed to provide insight on problems related to
the development of improved PSs to be used in PDT. Different strategies to design improved
photodrugs are possible. Novel compounds can be sought by means of chemical functionalization
providing the desired chemical and photophysical properties. Alternatively, the efficiency of an
existing photodrug can be enhanced in different ways, for instance by using assisted delivery
methods. Here, two different instances will be studied.

BODIPY derivatives represent good candidates as novel PSs because of their chemical
properties16,19 (e.g. resistance to photodegradation, solubility in both aqueous and lipophilic
media, fluorescence, etc.). BODIPYs are very versatile compounds24 and their remarkable
fluorescence is already exploited in several applications.33 However, their high fluorescence
quantum yields are an indication of poor ISC probabilities, process that is fundamental for the
therapeutic mechanisms of PDT. Moreover, despite having sharp and intense light absorption,
the absorption energies of these compounds often fall outside the energetic range defined as
"therapeutic window". Appropriate substitution patterns could adjust these photophysical
properties of BODIPYs so that application in PDT would be possible. For example, aromatic
substituents are used to extend the π conjugation of the dipyrromethene core so that the main
absorption band of these compounds is shifted to lower energies, towards the "therapeutic
window".34,35 At the same time, possible substituents to enhance the triplet quantum yield of
these dyes are halogen atoms such as bromine or iodine.36–38 Through the heavy atom effect
the spin orbit coupling (SOC) between singlet and triplet excited states are increased and ISC
favoured with respect to the competing photophysical processes, i.e. IC and fluorescence. The
definition of structure/property relationships would be extremely helpful in the design of BODIPY
derivatives to be employed as PSs in PDT.

The second-generation PS Temoporfin and its liposomal formulation are an example of how an
existing photodrug can be improved by means of a an assisted delivery formulation, as alternative
to the seek of novel chemicals to be used as PS.39 This kind of pharmaceutical formulation implies
the use of a nano-carrier that accommodates the PS and releases it to the targeted tissues in a
controlled way.40 The use of liposomes as nano-carriers, in the case of phorphyrinoid PSs, allows
to circumvent the solubility issue of these hydrophobic molecules and improves their efficacy
altering their distribution inside the tumour cells.31,32,41–44 The molecular composition of the
carrier defines its structural and functional properties.45,46 Moreover, inter-molecular interactions
established between the drug and the carrier material are responsible for the stability of the
formulation and the way in which the PS is release into the targeted cells.47

In this thesis computational chemistry has been used to help the design of novel PSs and to shine
light on chemical problems related to PDT.

Chapter 3 of this thesis collects the results of computational investigations on a series of BODIPYs.
Methodological studies are followed by considerations on the effect of several substitution patterns
on the most relevant optical and photophisical properties for PDT applications. Such investigation
is meant to provide guidance in the design of BODIPY derivatives that are suitable for PDT.
All the BODIPY derivatives considered in this thesis have been discussed and are of interest
for biolitec research GmbH, a small company interested in medical laser technologies where the
author has spent six months of secondment.

Chapter 4 is instead devoted to the study of a liposomal formulation of Temoporfin, recently
studied and developed at biolitec research GmbH. The drug-vesicle complex has been studied with
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classical molecular dynamics simulations with atomistic resolution to provide an insight on the
inter-molecular interactions that Temoporfin is establishing with the phospholipids forming the
liposome. The influence of different environments on the excited states of the PS have also been
investigate, as the the therapeutic effect is initiated by light irradiation. The insight provided
by theoretical models on the assisted delivery formulation of Temoporfin could be extended
to drug-carrier complexes with different molecular compositions and assist the development of
third-generation PSs.

Before presenting the results obtained by the author during her PhD, in chapter 2 the theoretical
models used in this thesis are summarized.
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Chapter 2

Theoretical background

In this chapter, after a brief introduction of the main approximations used in theoretical chemistry,
the electronic structure methods used in this thesis will be briefly explained. Afterwards, the
inclusion of environmental effects on the electronic structure and the molecular response to light
irradiation are discussed. Finally, two methods to describe the nuclear motion are explained, in an
adiabatic and non-adiabatic framework.

2.1 Born-Oppenheimer Approximation

In theoretical chemistry the temporal evolution of a molecular system is defined by the time
dependent Schrödinger equation (TDSE).48 This equation, expressed in atomic units, reads

i
∂Ψ(R, r, t)

∂t
= Ĥ(R, r)Ψ(R, r, t) (2.1)

where the wavefunction Ψ(R, r, t) represent the state of the system at the time t and depends also
on the electrons (r) and nuclei (R) coordinates.

The Hamiltonian operator Ĥ, correlates to the energy observable of the system, E. When the
Hamiltonian does not depend on the time, then the wavefunction can be written as a product so
the time variable is separated

Ψ(R, r, t) = ψ(R, r) · e−iEt (2.2)

If this expression of the wavefunction is inserted in Equation 2.1 and multiplied by eiEt, then the
time-dependent phase factor disappears from the equation resulting in the time-independent form
of the Schrödinger equation Ĥ(r,R)ψ(r,R) = Eψ(r,R). The solution of this equation provides
the energy levels (E0, E1, ..) of the ψn states of the system in a time independent fashion. In this
case, a state of the system ψ(r,R) only depends on the position of electrons (r) and nuclei (R).
The Hamiltonian operator of a molecule can be expressed in terms of position and momentum of
all particles composing the system as:

Ĥ(r,R) = −
N∑
i=1

1

2
∇2
i −

M∑
A=1

1

2MA
∇2
A −

N∑
i=1

M∑
A=1

ZA
riA

+

N∑
i=1

N∑
j>i

1

rij
+

M∑
A=1

M∑
B>A

ZAZB
RAB

(2.3)

where the first two terms account for the kinetic energy of all N electrons (T̂e) and the M nuclei
(T̂n). The other terms of Equation 2.3 correspond to the attractive Coulomb potential between
electrons and nuclei V̂en and the repulsive potentials due to the electrons V̂ee and the nuclei V̂nn,
respectively.

Equation 2.3 can also be expressed as Ĥ = T̂n+Ĥe within the Born-Oppenheimer approximation.49
The kinetic energy of the nuclei T̂n can be considered negligible compared to the other terms
because the nuclei are heavy particles compared to the electrons. As a consequence, the motion of
the nuclei can be separated from the total Hamiltonian because it is much slower than the one of
the electrons. The electrons would therefore move in a constant field Vnn generated by apparent
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fixed charges corresponding to the nuclear positions.

The electronic structure part is solved separately for each fixed nuclear configuration, so that the
position of the nuclei defined by R are fixed and no longer a variable in the equation

Ĥe(r;R)ψei (r;R) = Eei (R)ψei (r;R) (2.4)

The solution of this equation is the electronic wavefunction ψei (r;R) that depends on the
coordinates of the electrons r and only parametrically on the position of the nuclei R.

For each nuclear configuration a different potential (V̂en + V̂nn) appears in the Hamiltonian. The
energy Eei (R), function of the nuclear coordinates R, is an hyper-surface of 3M − 6 dimensions
in the nuclear coordinate space called potential energy surface (PES). A PES is defined for each
electronic state ψei (r;R) obtained solving the electronic eigenvalue equation for several nuclear
configurations (R). In a PES it is possible to identify minima and saddle points corresponding
to low-energy molecular structures and transition states, respectively. These critical points can
therefore serve as basis for the exploration of the nuclear configurational space and description of
nuclear motion.

Within the Born-Oppenheimer approximation (also known as the adiabatic representation), a
chemical reaction can be described only if it happens on a single electronic state Ψe

i . This is
the case, for example, of thermal reactions, where reactants are transformed into products by
means of thermal energy, overcoming an energy barrier identified by a transition state. When
the process is instead activated by light irradiation, more than one electronic state is involved.
In a photochemical reaction, processes like IC and ISC, in which the PES of two electronic
states interact, might occur.50 In such situations the Born-Oppenheimer approximation no longer
holds.51 At the points of the PES where such interaction is present, the T̂n term is not negligible.
Diabatic or non-adiabatic representations, in which electronic states are allowed to cross, are more
suitable in these cases.

2.2 Electronic Structure Methods
In the framework of the Born-Oppenheimer approximation, the time-independent Schrödinger
equation is reduced to determine the electronic structure of the molecule, solving Equation 2.4.
The analytical exact solution of this problem is only possible for one-electron systems, such as
H+

2 , and for simple models. To describe larger chemical problems further approximations are
needed.

Two main ways to solve numerically Equation 2.4 can be used. The first is based on approximating
the electronic wavefunction ψe (from now on the superscript will be omitted since only the electronic
wavefunction is discussed in this section) formulating an initial guess. The second approximation
consists of dividing the electronic Hamiltonian into a simpler, easy to solve part and a more
complex one, considered as a perturbation or correction of the simplified system. These strategies
correspond respectively to the variational principle and perturbation theory.

The use of the variational theory presents an advantage with respect to perturbation theory.
The energy of the approximated wavefunction, in fact, will always be higher than the exact
one. Therefore, an energy minimization can be employed to determine the best approximated
wavefunction. Commonly, when using the variational principle approach, the guess wavefunction
is constructed using the linear variational method. The simplest approximated wavefunction is a
Slater determinant (SD)

ψSD =
1√
N !
|χ1(x1)χ2(x2)....χN (xN )〉 (2.5)

in which 1√
N !

is the normalization factor.

This wavefunction is then the product of N single-electron wavefunctions χi(x) or spin orbitals,
formed by a spatial orbital ϕi(r) and a spin component α(ω) or β(ω); so that the variable x
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contains both the spatial and spin coordinates. The simplest way to assure that the wavefunction
respects the antisymmetry principle is the use of the matrix form where columns span over
the coordinates (x1...xN ) and the lines span over the spin orbitals (χ1...χN ), or viceversa. In
Equation 2.5, for simplicity, only the diagonal terms are reported.

The first step to find an adequate approximated molecular wavefunction is the solution of the
Hartee-Fock (HF) equations.

f̂ |χa〉 = εa|χa〉 (2.6)
The solution of these equations provides ortho-normal orbitals from which the best single SD
wavefunction can be constructed, i.e. the HF wavefunction ψHF. The orbitals are optimized
variationally from an initial guess using a self-consistent field approach.52

The spatial component of the spin orbitals are expanded in terms of known basis functions φu as

ϕi(r) =

K∑
u=1

Cuiφu(r) (2.7)

reducing the HF problem to the determination of the coefficients Cui that minimize the energy of
the SD.

The Fock operator f̂ is mono-electronic and consist of the sum of a core-hamiltonian hi(1)
and an effective one-electron potential vHF

i . Therefore, each electron i experiences an average
field generated by the other N-1 electrons and consequently, the HF wavefunction does not
contain explicit electron-electron correlation. The associated HF energy is therefore missing the
contribution from these interactions and differs from the exact energy for what is defined as electron
correlation.

Ecorr = EHF − Eexact (2.8)
Most post-HF methods attempt to partially recover electronic correlation adding more electronic
configurations (SDs) to the molecular wavefunction

|ψ〉 = |ψHF〉+
∑
r

Cr|ψr〉 (2.9)

The additional determinants or excited configurations ψr are determined promoting one or more
electrons from occupied orbitals of the ψHF wavefunction to one of the virtual, unoccupied ones.
The corresponding coefficients Cr can be either determined using again the variational principle
or employing perturbation theory.

Normally such coefficients are small compared to the one weighting the HF configuration
contribution in the total wavefunction. The Cr coefficients account for the correlated motion
of the electrons, the so-called dynamical correlation. There are molecules, such as conjugated
systems, that might present more electronic configurations contributing significantly to the total
wavefunction. These molecules present the frontier orbitals degenerate or very close in energy and
a unique HF solution cannot be determined self-consistently. This type of interaction is defined
as static or non-dynamical electron correlation.53

Static correlation is also important for the description of electronic excited states. In cases where
two or several electronic states interact with each other, a single configuration is not sufficient
to characterize the excited states at this particular point of the PES. This is the case of conical
intersections (CIs), where two states becomes degenerate in energy and their configurations,
defining the nature of the excited state, mix.

Including static correlation in the wavefunction means that excited configurations appearing in
Equation 2.9 present large coefficients Cr. In multi-configurational self-consistent field theories
both the coefficients Cr of Equation 2.9 and the coefficients Cui defining the spatial part of the
spin orbitals composing the single configurations are optimized.

A special case of multi-configurational self-consistent field is the complete active space
self-consistent field (CASSCF) method.
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2.2.1 The Complete Active Space Self-Consistent Field
In multi-configurational self-consistent field theory both the Cui coefficients defining the shape
of the orbitals and the Cr coefficients defining the weight of the different configurations are
optimized. For practical reasons, it is therefore convenient to limit the number of configurations
contributing to the multi-reference wavefunction. This is the case of CASSCF, in which a set of
occupied and unoccupied orbitals, relevant for the chemical problem studied, are selected. The
shape and the coefficients of these so-called active orbitals, that according to their occupation
can form different electronic configurations, are optimized in a variational way. The number of
electrons m that can occupy the active molecular orbitals (MOs) n define the so-called active
space (AS) (m,n).54

Figure 2.1: Scheme of the complete active space method.

The CASSCF method optimizes self-consistently the multi-reference wavefunction, contracted
using all possible configurations included in the AS selected, as shown in Figure 2.1. If all
MOs and electrons of the system would be included in the AS, then the result would be a full
configuration interaction procedure. In principle, a full interaction performed with an infinite
number of basis functions would provide the exact wavefunction.

Having a full configuration interaction procedure inside the AS also set the limitation of this
method. In fact, the number of configurations Nc that can be formed grows tremendously with
the size of the AS:

Nc =
n!(n+ 1)!

(m2 !(m2 + 1)!(n− m
2 )!(n− m

2 + 1)!
(2.10)

and is clear that very large ASs would not be computationally feasible.

Two possible formalisms are available in the CASSCF method: the state-average (SA) and
state-specific (SS). In a SS calculation the active orbitals are optimized so that the energy
corresponding to each excited state calculated is minimized. Instead, in a SA calculation, a single
set of active orbitals is optimized to minimize an average energy weighting each single state i by a
coefficient wi.

Eaverage =
∑
i

wiEi (2.11)

Normally, all states have the same weight but the number of roots computed influences the quality
of the predicted energy. This approach is usually preferred to the single-state calculations where
the order of the electronic states often changes. Moreover, SA states are orthogonal to each other,
which is not the case in SS calculations.

While CASSCF is able to describe the multi-configurational character of the molecular
wavefunction very well (static correlation), it commonly provides inaccurate relative energies
because electron dynamical correlation is still missing. Second-order perturbation theory can
be used to improve the energy values using the CASSCF wavefunction as the zeroth order
wavefunction ψ(0)

i . In perturbation theory the total Hamiltonian is partitioned in a known part Ĥ0

that provides ψ(0)
i as solution, and a part Ĥ ′ that acts as a perturbation on the ψ(0)

i wavefunction.
Many possible formulations of the zeroth Hamiltonian are possible, here the second order complete
active space perturbation theory or more conveniently CASPT2 method is discussed.55
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In CASPT2 the zeroth order Hamiltonian Ĥ0 is formulated to match the Møller-Plesset (MP)
Hamiltonian56 if ψ(0)

i is a closed-shell wavefunction. The MPn (where n is the order at which
perturbation theory is truncated) approach uses the sum of one-electron Fock operators f̂ as zeroth
order partition of the total Hamiltonian and the HF wavefunction as zeroth order wavefunction.
When Ĥ(0) is applied on ψHF, then the energy E

(0)
i obtained is the sum of the energies of the

occupied orbitals forming the SD. The energy of the occupied electrons already accounts for
the repulsion of the electron occupying that orbital and all the other N-1. Electron repulsion
is therefore counted twice and the correction that needs to be applied is the Ĥ ′ partition of the
MP Hamiltonian. This also means that the MP energy at the first order E(1)

i is the HF energy
EHF. Only higher orders of perturbation theory (i.e. MP2, MP3,...) provide an estimation of the
correlation energy to correct the HF eigenvalues.

The CASPT2 zeroth order Hamiltonian is a combination of an effective one-electron operator, that
is the generalized Fock operator F̂ and projection operators P̂ .

Ĥ0 = P̂0F̂ P̂0 + P̂kF̂ P̂k + P̂sdF̂ P̂sd (2.12)

The projection operators P̂ act on different configurational spaces defined by the AS. P̂0 acts on
the AS defining the CASSCF reference wavefunction while P̂k and P̂sd on the space including all
the single and double excitations included inside and outside the AS. The effective one-electron
operator F̂ is given as

F̂ =
∑
pq

fpqĈpq (2.13)

in which Ĉpq are spin-free excitation operators Ĉpq =
∑
ĉ†pĉq obtained combining the annihilation

and the creation operators respectively removing an electron from the orbital p and creating an
electron in the orbital q. In matrix form the elements of the generalized Fock operator are as
follows

fpq = hpq +
∑
rs

Nrs[〈pq|rs〉 −
1

2
〈ps|rq〉] (2.14)

in which hpq collects the one electron terms and Nrs are the matrix elements of the one-electron
density matrix corresponding to the three orbital subspaces reported in Figure 2.1.

To obtain the eigenvalues of the total Hamiltonian at the second order, energies and wavefunction
at the first order of perturbation theory needs to be derived priorly. The first order wavefunction
ψ

(1)
i is expanded as linear combination of the CASSCF zeroth order wavefunction, including single

and double excitations that are categorized as internal, semi-internal and external. These categories
are based on the group of orbitals showed in Figure 2.1 and the definition depends on whether
none, one or two orbitals involved in the excitations belong to the secondary space.55 Once the
quantities at the first order of perturbation theory are known the eigenvalues, i.e. the energies, at
the second order are obtained as

E
(2)
i = −

∑
j 6=i

|〈ψ(0)
i |Ĥ ′|ψ

(0)
j 〉|2

E
(0)
j − E

(0)
i

(2.15)

It can occur that one of the configurations interacting with ψ
(0)
i has almost equal energy to

the reference CASSCF energy E
(0)
i . These configurations are called intruder states and such

situation implies that the denominator of Equation 2.15 becomes very small arising singularities.
In principle, the presence of intruder states means that these configurations are relevant for the
total wavefuntion and the orbitals involved should be included in the AS. Often though this is not
affordable in terms of computational costs and the problem is solved shifting the denominator
value suppressing the singularities in the energy due to the intruder states. This shift, identified
as level-shift can be both a real or an imaginary number.57–59

There is a second shift associated to CASPT2 calculations that modifies the zeroth-order partition
Ĥ0 of the perturbed Hamiltonian. This is the so-called IPEA shift which has been introduced
as a constant empirical correction for ionization potential (IP) values associated to the inactive
orbitals and the electron affinity (EA) of the secondary ones.60 This shift should be used with

11



CHAPTER 2. THEORETICAL BACKGROUND

care as it depends on both the size of the basis set employed and the size of the molecular system
investigated.61

Within the standard formalism of CASPT2 the perturbed correction of each of the CASSCF
states is obtained. A different formalism, called multistate CASPT2 (MS-CASPT2)62 is also
available and particularly suitable for the description of interstate crossings. In this case, in fact
a single CASSCF reference wavefunction is no longer adequate. MS-CASPT2 states are obtained
through an effective Hamiltonian which mixes the perturbed CASPT2 states.

Since CASPT2 is able to recover both static and dynamical correlation is often considered a
"golden standard" in computational photochemistry. Its qualities are particularly appreciated and
suited for studying molecular systems evolving through IC channels, represented by CIs, where
two or more states are degenerate in energy. If enough energy is provided by the radiation, bond
dissociation can also occur. Often a multi-configurational wavefunction is required to describe
these regions of the PES correctly.50

2.2.2 The Algebraic Diagrammatic Construction of the Polarization
Propagator

The second-order algebraic diagrammatic construction ADC(2) scheme of the polarization
propagator63 is also a post-HF method. ADC(2) is a single-reference method; so its wavefunction
takes into account only dynamical correlation.64 Despite this limitation with respect to
CASSCF/CASPT2, ADC(2) is establishing itself in the computational chemistry field thanks
to its accuracy and efficiency. The combination of these two qualities allows the study of
photochemical processes also in molecules that reach one hundreds of atoms, which would be too
expensive or not at all feasible with e.g. CASPT2.63

ADC was originally derived from many-body Green’s function theory, a mathematical technique
that is used to solve inhomogeneous differential equations. When Green’s function theory is applied
to quantum chemical problems, a unique function cannot be defined because of the many-body
nature of the molecular Hamiltonian. In this case the problem is subdivided in building blocks,
each one delivering a specific molecular property. These building blocks are also called propagators.

The polarization propagator defines the time evolution of the electron density corresponding
to the ground state (GS) wavefunction when exposed to an external perturbation. In other
words, it defines the evolution of the molecular polarizability in time. Therefore, the polarization
propagator implicitly contains all the information on the electronic excited states of the molecule
and the original ADC scheme was derived utilizing a non-diagonal form of the polarization
propagator matrix M.

An alternative derivation of the ADC equations is possible using the intermediate state
representation. Like in other configuration interaction methods, the excited states wavefunctions
ψn can be expressed using basis functions ψ̃l and the ADC eigenvectors yn as:

ψn =
∑
l

ynlψ̃l (2.16)

Since these basis functions were not defined in the original derivation, the excited states
wavefunctions could not be expressed from the eigenstates of the propagator as in Equation 2.16.
Using second quantization formalism, a basis of correlated excited states Ψ′l can be constructed
using excitation operators Ĉl, like ĉ†pĉq, respectively, an annihilation operator that removes the
electron from the orbital p and a creation operator that creates an electron in the orbital q. The
excitation operators act on a correlated GS wavefunction ψ0 that deliver the ψ′l functions. These,
once orthogonalized, provide the intermediate state basis ψ̃l.
The intermediate state representation can be used to express both the non-diagonal polarization
propagator matrix M, acting as effective Hamiltonian (Ĥ−E0), shifted by the GS energy, and the
corresponding effective transition moments t
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Mgl = 〈ψ̃g|Ĥ − E0|ψ̃l〉, (2.17)

tl,pq = 〈ψ̃l|ĉ†pĉq|ψ0〉 (2.18)

Additionally, the intermediate state representation makes it possible to compute molecular
properties by expressing any operator Ô in the basis of the intermediate states ψ̃l. For example,
when the dipole operator is used, both transition and state dipole moments can be obtained. Also,
when ψ0 is the GS wavefunction at the MP2 level of theory, the expression obtained using the
intermediated state representation reported above provides ADC(2) excitation energies. Higher
orders such as ADC(3) can be obtained using the same procedure but employing an MP3 reference
function as ψ0.65

In principle, with the excitations operators Ĉl one can include single excitations also called
particle-hole (p-h) states and doubly excited states or two particle-two hole (2p-2h) states in
the intermediate state representation. In this thesis, the strict ADC(2)-s scheme implemented in
the Turbomole software package66 has been used. This scheme gives a block matrix M reported
in Figure 2.2, containing the (p-h) elements expanded to the second-order of the perturbation
theory, the coupling of (p-h) and (2p-2h) at the first-order, whereas the (2p-2h) block is limited to
the zeroth-order and is therefore diagonal. In this formulation then the theoretical description of
doubly excited states is rather poor.

Figure 2.2: Scheme of the M matrix of the ADC(2)-s scheme used in this thesis.

The use of the intermediate state representation and the fact that the effective matrix M is
Hermitian makes the computation of excited states properties and transition moments with the
ADC schemes straightforward.

Besides being Hermitian, the ADC(n) methods are also fully size-consistent, combining the best
characteristics of configuration interaction and coupled cluster (CC) methods. Generally, the ADC
schemes are more consistent with a smaller configuration space for the singly excited states of a
specific order of perturbation theory with respect to the corresponding CC.67 In particular, the
second-order scheme has equal accuracy for ground state energy, (p-h) and (2p-2h) excited states
but it out-performs the CC2 method in the computation of response properties for which it has a
higher order of perturbation theory.63

2.2.3 Density Functional Theory and Time Dependent Density
Functional Theory

So far we have discussed two wavefunction based methods to describe the electronic structure of a
system. Alternatively, the electronic density ρ(r) of the molecular system can be used to determine
the electronic configuration. In the non-relativistic framework and within the Born-Oppenheimer
approximation, the electronic Hamiltonian comprise three terms: Ĥ = T̂e + V̂ee + V̂ext, where
the last term accounts for an external potential, normally due to the nuclei. It is possible to
demonstrate that the expectation value of the operator V̂ext can also be expressed in terms of
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electron density

〈ψ|V̂ext|ψ〉 =

∫
V

ρ(r)Vext(r)dr (2.19)

where ψ is an arbitrary antisymmetric wavefunction.

Among all ψ corresponding to an electron density ρ the functional F [ρ] provides the one minimizing
the expectation value of the operator T̂e + V̂ee.68 Using this functional the energy functional for
the electron density ρ can be defined as:

E[ρ] = F [ρ] +

∫
V

ρ(r)Vext(r)dr (2.20)

The energy functional E[ρ] can be minimized using an indirect method where, instead of the density
ρ, MOs are optimized applying the variational criteria.69 This method, called Kohn-Sham (KS)
approach, employs a non-interacting system and the KS Hamiltonian reads

ĤKS =

N∑
i=1

(−1

2
∇2
i ) +

N∑
i=1

VKS(ri) (2.21)

The potential VKS(ri) is a local mono-electronic potential and has to be chosen so that it gives the
same electron density of the real system. The solution of the KS equations provides optimized
MOs from which the value of the kinetic energy of the non-interacting system T0[ρ] can be
calculated as well as the functional of the classical Coulomb repulsion energy between two electron
densities J0[ρ].70,71

The definition of all these terms allows to isolate the missing terms in the simplified KS
system with respect to the real one. All these missing terms are collected in the so-called
exchange and correlation (xc) functional EXC[ρ]. This functional incorporate all the non-classical
electron-electron interaction terms: (i) the exchange energy from the Pauli exclusion principle and
(ii) the coulomb correlation energy. It also contains the self-interaction correction.

The xc-functional is the only unknown term of the KS equations and several approximations have
been formulated to perform calculations with density functional theory (DFT).

A DFT calculation provides the energy and the electron density corresponding to the electronic
GS of the molecule. In order to calculate electronic excited states time-dependent DFT (TD-DFT)
should be employed. This method is based on response theory, i.e. the response of the electron
density to a time-dependent perturbation is calculated. For simplicity, only the first term is
included so that the response is linear. The time-dependent perturbation is included in the first
order partition Ĥ(1)(t) of the total Hamiltonian Ĥ = Ĥ(0) + Ĥ(1)(t)

Ĥ(1)(t) =
1

2
[Aνe

−iνt +A−νe
iνt] (2.22)

in which A is the amplitude and ν the frequency of the external monochromatic perturbation,
while Ĥ(0) is the ĤKS (see Equation 2.21).

Usually, it is more interesting to consider the effect of the perturbation on some properties of
the system, i.e., the actual response of the molecule to the external field. An oscillation in the
expectation value of observables arising from the perturbation can be expressed in linear response
as δO = 〈O〉 − 〈O〉0. The explicit expression of such oscillations introducing the wavefunction of
the system reads:

δO = (〈ψ(1)|Ô|ψ(0)〉+ 〈ψ(0)|Ô|ψ(1)〉) (2.23)

It is convenient to express Equation 2.23 with simplified descriptors of the molecular system, such
as the orbitals ϕ obtained solving the KS equations. The ψ(0) wavefunction would then correspond
to the occupied orbitals ϕi. The perturbed wavefunction ψ(1)

i can be therefore expressed in terms
of perturbed occupied orbitals δϕi. The perturbed wavefunction must respect the orthonormal
condition implying that 〈δϕi|ϕj〉 = 0. This means that the perturbed wavefunction δϕi is
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orthogonal to the occupied orbitals and therefore can be expressed as linear combination of the
virtual orbitals ϕb

|δϕi〉 =

VIRT∑
b

Cib|ϕb〉 (2.24)

Since the perturbed Hamiltonian Equation 2.22 contains two "time-behaviours" Aν and A−ν , two
perturbed wavefunctions are defined ψ(1,±) with coefficients from Equation 2.24 corresponding to
Xib and Y ∗ib respectively.

The coefficients for a ψn excited state, with excitation energy corresponding to ν0n = En−E0 can
be obtained solving the following matrix equation

(
A B
B∗ A∗

)(
Xn

Yn

)
= ν0n

(
1 0
0 −1

)(
Xn

Yn

)
(2.25)

with A and B matrix elements:

Aia,jb = δijδab(εa − εi) + 〈aj|ib〉+

〈
a

∣∣∣∣∂VXC

∂jb

∣∣∣∣ i〉 (2.26)

Bia,jb = 〈ab|ij〉+

〈
a

∣∣∣∣∂VXC

∂jb

∣∣∣∣ i〉 (2.27)

where for clarity the expression of the orbitals ϕi has been contracted to i.
TheXn and Yn vectors represent single excitations from ψ0 to the excited state ψn for the two "time
behaviours" of the perturbation. The two coefficients correspond then to p-h and h-p excitations
of the GS wavefunction.

2.3 Environment Effects
The response of the electron density of the system to an external time-dependent perturbation,
such as light irradiation, can also be influenced by the environment. Therefore, when the excited
states of the molecule that absorbs light (chromophore) are calculated, the effect of the media
should be included in the computational model. In such way more realistic predictions of the
molecular optical properties can be delivered.72

The environment can in fact influence the molecular system in several ways: (i)it can modify the
electronic structure of the molecule, (ii) it can influence the excited states response or (iii) it can
even directly participate in the light absorption process.

Describing the whole system with electronic structure theory is most of the times prohibitive.
Nevertheless, it is possible to include environmental effects dividing the system in several regions,
usually two, where: (i) the chromophore (C) is treated at a high level of accuracy, usually with
a quantum mechanical (QM) method and (ii) the environment (EN) is treated at a lower level,
more often with classical models.

These hybrid QM/Classical approaches are commonly employed within an additive formalism
giving the total energy of the system ETOT as the sum of the energies of the two regions computed
at different levels of theory and the interaction energy between them:

ETOT = EC(QM) + EEN(Classical) + EC/EN (2.28)

Using classical models the environment can be treated as a continuum (QM/continuum models),
often with the apparent surface charge methods,73,74 or it can be included explicitly, with atomic
resolution, using molecular mechanics (MM) force fields leading to the the so-called QM/MM
schemes.75,76
The first approach is commonly used for describing molecules in solution, where solvent effects
are mostly bulk-effects and can be included as an average. On the other hand, QM/MM schemes
are more appropriate when complex and inhomogeneous environments must be described or when
specific interactions between atoms belonging to the two regions can occur.77 In some cases, though,
effects due to explicit solvent-solute interactions can be recovered using QM/continuum models.78
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2.3.1 QM/continuum and the Polarizable Continuum Model PCM
The QM/continuum models are very popular for the description of bulk effects for molecules
in solution.79–81 The solvent is treated as a structureless continuum that resembles the solvent
macroscopic properties.

The Polarizable Continuum Model (PCM) is one of the most successful and widespread continuum
solvation models.74 The ground of this model is the classical electrostatic Poisson problem:

−∇× [ε(r)∇V (r)] = 4π%M (r) (2.29)

where the ε(r) represents the position dependent permittivity of the solvent while %M (r) is the
solute charge distribution. Assuming that the solute charge is delimited by a cavity, represented
in Figure 2.3 (b), we can define that ε(r) is equal to 1 when inside the cavity and equal to the
dielectric constant of the solvent ε outside of it. Taking care of the boundary conditions, i.e. the
surface of the cavity, the Equation 2.29 can be solved in terms of a potential V defined by the sum
of the the solute potential VM and a potential Vσ. The latter derived from an apparent charge
distribution σ(s) at the boundary between solvent and solute, defined by the surface of the cavity
Γ.

Vσ(r) =

∫
Γ

σ(s)

|r − s|d
2s (2.30)

In such way, the potential of the whole cavity is reduced to a charge distribution on the closed
surface Γ. Despite this simplification, the computation of the integral reported in Equation 2.30
is very challenging. The integration is accomplished dividing the surface Γ in L finite elements,
called tesserae, visible in Figure 2.3 (b).

Figure 2.3: Tropone molecule in water using a QM/MM partition with explicit water molecules
(a) and the QM/continuum partition (b), for which the solute cavity is represented.

Each portion i of the cavity surface Γ carries a point charge q(si) due to the surrounding solvent.
The sum over all the point charges q(si) would approximate the apparent charge distribution σ(s).

There are different ways of defining the apparent surface charge distribution σ(s), each of them
giving origin to a different formulation of the PCM equations. The integral equation formalism
of PCM (IEFPCM)82 is often identified with the PCM model itself because the other formalisms
are contained in it. This is also the reason why it is also considered the most reliable formulation.
A simplified version of the IEF is CPCM,83,84 which stands for conductor-like polarizable model.
In this case the PCM equations are formulated following the strategy originally developed for the
conductor-like screening model (COSMO).85 In this model, the dielectric constant of the solvent ε
is no longer a finite value but it is set to infinite. A value of ε =∞ would correspond to a material
behaving like a conductor. In this case the equation to be solved at the surface, is no longer
Equation 2.29 but instead V (r) = VM (r) + Vσ(r) = 0 giving the following charge distribution:

Sσ(s) = −f(ε)VM (s) (2.31)

where f is a function bound to assure ε assumes values corresponding to a dielectric material and
not a conductor.
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f(ε) =
ε− 1

ε+ z
(2.32)

The numerical factor z was set to 0.5 in the original derivation of the COSMO solvation model
while in the CPCM formalism it is set to zero.74

The PCM equations are solved variationally by defining a functional corresponding to the solvation
free energy. The continuum model is coupled with the QMmethod of choice by means of an effective
Hamiltonian Ĥeff = Ĥ0 + V̂ R, where Ĥ0 is the Hamiltonian in vacuum and

V̂ R =

L∑
i

q(si)V̂ (si) (2.33)

V̂ R represents the electrostatic interaction between the solute and the solvent and is obtained by
the product of the potential generated by the solute V̂ (si) calculated on the surface Γ divided
in L tesserae, each carrying a point charge q(si) accounting for the contributions of the solvent.
Since V̂ R is included in the effective Hamiltonian, the solute-solvent interactions are computed
self-consistently. This would mean that there is a mutual polarization between the solvent and the
chromophore.

2.3.2 QM/MM Schemes

Another way to include solvent effects based on the subdivision of the full system (S) in two
or more regions depends on the QM/MM schemes. In these schemes, the inner region (In) is
described at the QM level of theory whereas MM atomistic force-fields are used to describe the
outer region (Out), i.e. the environment. The most delicate part of these schemes is the description
of the interface of the two regions, where QM-MM interactions are grouped in a coupling term.75–77

The simplest way to calculate the energy of a system described with a QM/MM approach
EQM/MM(S) would be the use of a subtractive scheme. In this scheme, the energy of the whole
system is first calculated at the MM level of theory. Then, two calculations limited at the inner
region are performed at the QM and at the MM level of theory. The QM/MM energy term is
therefore calculated as

EsubQM/MM(S) = EMM(S) + EQM(In)− EMM(In) (2.34)

where the term EMM(In) is subtracted to avoid double contributions.

The shortcomings of the subtractive approach are that the Equation 2.34 does not contain any
explicit coupling term and the interactions at the boundaries are accounted for at the MM level
of theory. Therefore, with this scheme, strong approximations are introduced in the description
of electrostatic interactions, represented by Coulomb interactions between fixed atomic charges
belonging to both partitions of the system.

One of the most popular subtractive scheme is the ONIOM model (our n-layered integrated
molecular orbital and molecular mechanics),86 where each layer of the system is treated at QM
or MM level of theory, with the possibility of combining more QM methods providing different
levels of accuracy. Recently this method has been adapted so that the MM charges of the outer
part are included in the QM Hamiltonian.87 Formally, with this modification this method cannot
longer be classified as subtractive scheme.

More often additive schemes are used in QM/MM calculations. In these schemes the energies of
the inner region and the outer region are calculated separately at the QM and MM level of theory
respectively. The sum of the two energies and an explicit coupling term provide the total energy
of the system EaddQM/MM(S):

EaddQM/MM(S) = EQM(In) + EMM(Out) + EQM/MM(In,Out) (2.35)
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EQM/MM(In,Out) incorporates all the interactions between the two subsections of the system
explicitly, providing three terms

EQM/MM(In,Out) = EbondQM/MM + EvdWQM/MM + EelQM/MM (2.36)

The first two energies EbondQM/MM and EvdWQM/MM, account for bonded and van der Waals interactions
respectively. Both are computed at the MM level of theory, making the partition of the system
a critical choice. The electrostatic coupling term EelQM/MM can be treated at different levels of
accuracy, defining three implementations of the QM/MMadd scheme76 (i) mechanical embedding,
(ii) electrostatic embedding and (iii) polarizable embedding. The three schemes obtained present
increasing extent of mutual polarization between the inner and outer regions.

In a mechanical embedding, the EelQM/MM is treated at the MM level so the rigid atomic point
charges are simply added to the other terms of EQM/MM(In,Out). Several limitations emerge
when mechanical embedding is used because the interaction between the MM charges of the outer
region and the electronic density of the inner region is only computed classically, using a force
field. In other words, the electron density is not polarized by the environment. In addition, when
the charge distribution of the QM region changes because a chemical reaction or an electronic
excitation occurs, the MM charges are not redistributed accordingly.

For these reasons electrostatic embedding (ii) is more suited for most QM/MM applications. In
an electrostatic embedding, the MM point charges QJ located at RJ are incorporated in the QM
Hamiltonian as one-electron additional terms:

Hel
QM/MM = −

N∑
i

I∑
J∈Out

QJ
|ri −RJ |

+

M∑
a∈In

I∑
J∈Out

QJQa
|Ra −RJ |

(2.37)

where Qa are the nuclear charges of the QM atoms located at Ra. As the expressions are
one-electron terms the two sums run over all the MM charges I, the N electrons and M nuclei
included in the QM region. The inner region is polarized by the surrounding environment and,
as a consequence, the charge distribution of the QM partition can adapt to changes of the MM
charge distribution.

The last option for the EQM/MM(In,Out) term is a polarizable embedding that would include
the polarization of the environment due to the QM electron density. Mutual polarization can
be introduced with a self-consistent formalism that incorporates the polarizable MM model in
the QM Hamiltonian. The development of general polarizable force fields for bio-molecules is
in progress, therefore, so far, polarizable schemes have been mostly used to describe explicit
solvation.76

2.3.3 Environment in Excited States

The expression to compute the vertical energy for an excitation from an initial state ψi to a final
state ψf in the presence of a solvent would be:

∆Ei→f = ∆E0
i→f + E′neq (2.38)

where E′neq is the correction to the excitation energy due to the mutual polarization of the
electron density of the excited state of the chromophore ψf and the electronic degrees of freedom
of the environment. This correction is only available when mutual polarization is included in the
QM/Classical description. This is the case of QM/Continuum calculations and the polarizable
embedding scheme of QM/MM approaches. In both these cases in fact the coupling terms between
inner and outer regions are included in the QM Hamiltonian and the corresponding energy is
computed self consistently.

In QM/MM calculations the electrostatic embedding is more often adopted. In this case, only
the ∆E0

i→f term is provided when computing electronic transitions. The electronic and nuclear
degrees of freedom of the solvent are in equilibrium with the electron density of the ground state
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ψi and not with the one of the final excited state ψf .

The correction term E′neq of Equation 2.38 can be determined through two different formulations
identified as linear response and SS approaches in QM/continuum calculations. In linear response
the correction is determined from the transition density ρT

i→f . In the case of a SS calculation
instead E′neq is defined by the difference between the electronic densities of the excited and the
GS ∆ρi→f .73,74

For the computation of absorption energies the QM/continuum approach is advantageous because
it provides in a single excited state calculation a good average description of the solvent in
equilibrium with the chromophore. On the contrary, if the solvent molecules are represented
explicitly like in QM/MM schemes, a conformational sampling of the system is required before
performing the excited states calculations. Generally, the sampling of the spatial arrangement of
the solvent molecules around the solute is provided by a classical molecular dynamics simulation
(topic of the following section) or adopting one of the QM/MM schemes previously discussed. In
fact, by means of force fields many and complex environments can be modelled. The ensemble
of geometries provided by the sampling should provide the most relevant spatial arrangement of
the solvent and eventual solvent-solute interactions. The excited state property investigated is
afterwards computed as a probability distribution from the excited states calculations performed
on each structure of the ensemble.

Generally for isotropic solvents the QM/continuum approach provides excellent results, whereas
in the case of an inhomogeneous environment (e.g. a cell membrane or a DNA strand), where
specific solute-solvent interactions are often present, QM/MM schemes are commonly preferred.
Despite QM/MM schemes are believed to be more suited for specific solute-solvent interactions,
short-range interactions and their effects on the excited states energies can be retrieved also with
implicit solvation models like PCM.74,78

On this particular matter, in this thesis, QM/Classical methods have been compared to full-QM
calculation of small organic molecules in aqueous solvent. The results of this study are reported
in subsection 4.3.1.

2.4 Molecular Dynamics

The sampling of the configurational space of a molecule, mandatory in the case of QM/MM
excited states calculations, is in same cases fundamental to describe accurately spectroscopic
properties.77,88,89 The nuclear coordinate space is often explored with molecular dynamics
simulations.

Several methods exist to describe the nuclear motion and in this section, two particular cases of
molecular dynamics methods will be discussed:

• Adiabatic dynamics using classical potentials (force fields). This technique is often adopted to
study processes happening along a single PES energy surface, most commonly the electronic
GS. In this class falls classical molecular dynamics, mostly used to study supra-molecular
systems of biological or technological interest, whose size does not allow to use quantum
nuclear methods.

• Non-adiabatic dynamics with a mixed quantum-classical method, namely surface hoppping,
that uses a QM potential to propagate the nuclei classically. In this case, the time evolution
of the electronic excited states of a molecular system, upon light absorption, can be studied.

2.4.1 Classical Molecular Dynamics

Classical molecular dynamics allow to simulate the evolution of a system conformation in time
following a classical adiabatic potential. With statistical mechanics thermodynamic macroscopic
properties of the system such as the free energy or the heat capacity can be derived from the
simulation. Moreover, kinetic information on the processes occurring in the system can be extracted
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from the trajectory, since it consists of the time evolution of atomic positions and velocities.

Molecular dynamics simulations rely on a potential energy curve that depends on the system
configuration. In classical molecular dynamics the energy landscape is provided by means of
force fields. A force field describes bonded and non-bonded interaction energies between atoms
of the system with a series of simple empirical expressions, in which the atoms are approximated
by a single nuclear coordinate. These expressions, included in the force field, are parametrized
on the base of experimental or more accurate quantum mechanical data. The parameters and
consequently the energy functions are defined according to the two interacting atoms.53 For
example the interaction of two carbon atoms covalently bonded is distinguished by a bond between
a carbon and another more electronegative atom (e.g oxygen). The bond order is also important,
therefore carbon atoms have different atom types if they are forming single, double or triple bonds.

The energy potential on which the motion of the system is observed in the trajectory is given by a
force field. There are many ways to write the expression of the energy potential EMM, one of these
is the following

EMM =
∑

kd(d− d0)2 +
∑

k0(θ − θ0)2 +
∑

kΦ[1 + cos(nΦ + δ)]+

+
∑{

λAB

[(
ηAB

RAB

)12

−
(
ηAB

RAB

)6
]

+
qA
qB
RAB

} (2.39)

Equation 2.39 contains four discrete terms taking into account respectively bond lengths d, angles
θ, proper and improper dihedral angles Φ and nonbonded interactions. The bonded force constants
are kd, kθ and kΦ while n and δ are torsional multiplicity and phase respectively. In the last
sum of Equation 2.39 λAB and ηAB are Lennard-Jones parameters. Finally, Coulomb interactions
are computed between non bonded atoms separated by a distance RAB and with charges qA and qB.

This equation gives the energy of the system for a set of atomic coordinates and corresponding
to a specific instant of the simulation, called snapshot. Since the simulation of nuclear motion is
the final aim of molecular dynamics, the energy is expressed by means of simple mathematical
functions for which the first derivative with respect to the atomic positions, corresponding to the
energy gradient, is easy to derive.

The system, simplified assuming the atoms as rigid particles with massMi and position Ri, evolves
in time according to the Newtonian equation of motion and reflecting the inter-atomic interactions
defined by the force field. Considering a single dimension, for simplicity, the vector Ri defining
the atomic positions would become xi. Then, the evolution in time of the position xi(t) of an
atom with mass Mi moving along the classical potential U(x) with velocity vi(t), would have an
acceleration of

ai(t) =
d2

dt2
x(t) = − 1

Mi

d

dx
U(x) (2.40)

according to Newton’s second law. Integrating numerically the Taylor expansion over the
simulation time subdivided in small intervals ∆t, the position at each time t is defined using
the Verlet algorithm:

xi(t) = xi(t−∆t) + ∆t vi (t−∆t)− ∆t2

2m

dU(x)

dxi
(t−∆t) (2.41)

which defines the new atomic position by means of the position, velocity and acceleration at the
present time step t and the precedent one (t−∆t).90

With classical molecular dynamics the system can explore configurations along the potential energy
surface that are accessible with oscillations and vibrations induced on the system by thermal energy
kBT . Advanced sampling techniques to simulate slow processes that present larger activation
barriers are also available.
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2.4.2 Umbrella Sampling: an Advanced Sampling Technique
Advanced sampling techniques, also called enhanced-sampling dynamics, allow the study of
processes with time scales that surpass the ones affordable nowadays (µs).
A way to enhance the sampling in molecular dynamics is either (i) modify the expression of the
energy in order to decrease the energy barrier or (ii) limit the configurational space to sample to
only few degrees of freedom.

Here the umbrella sampling method, belonging to the first category, is briefly presented.91 The
use of this type of accelerated dynamics is limited to problems where the reaction coordinate ξ
is known beforehand. Once the reaction coordinate is defined, it is partitioned into a certain
number of windows. In each window, the ξ value is restrained around a reference value ξref and
pulled from an initial value to a final one, by means of a bias potential Eb(r) = Eu(r) +$i(ξ), as
shown in Figure 2.4. In this expression, $i is the additional term to the unbiased energy Eu and
depends only on the reaction coordinate ξ in each window i.

Figure 2.4: Sketch representing the subdivision in windows of ξ and the use of a bias potential $i

in an umbrella sampling simulation.

In most cases, a harmonic potential is a suitable choice for the bias potential

$i(ξ) = k/2(ξ − ξrefi )2 (2.42)

in which the parameter k is the force constant of the harmonic potential. The strength of the
potential $i should keep the system close to the centre of each window ξrefi . In each window
a thorough sampling of the others degrees of freedom is performed with a molecular dynamics
simulation in the isobaric-isothermal (NPT) ensemble. The probability distribution of the system
in each window Pi(ξ) is calculated integrating out all others degrees of freedom, besides the
reaction coordinate ξ.

To recover the unbiased potential associated to the reaction coordinate it is important that the
bias probability distributions P bi (ξ) of adjacent windows overlap. The overlap of the distributions
along ξ is assured by tuning the force constant and the step along ξ defining the number of
windows. When the simulation in each window is long enough, it can be assumed that every point
in phase space is visited and therefore P (ξ) is equal to the partition function Q(ξ). In the NPT
ensemble, the Gibbs free energy G(ξ) can be calculated from the partition function Q(ξ); then
the free energy is obtained as G = −1/β lnQ where β is the reciprocal of Boltzmann’s constant kB .

Before being able to calculate the free energy associated to the reaction coordinate ξ, the unbiased
distributions Pi(ξ) have to be obtained from the P bi (ξ). There are several methods to derive then
the total distribution P (ξ) and in this thesis the Weighted Histogram Analysis Method (WHAM)92
has been used. With this method the global distribution along ξ is obtained as weighted sum over
the unbiased distributions of each window i:

P (ξ) =

windows∑
i

pi(ξ)Pi(ξ) (2.43)
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The weights pi are iterated until convergence, providing the minimal statistical error of the global
distribution P (ξ) which is used to calculate the free energyG(ξ) associated to the process simulated.

2.4.3 Surface Hopping Molecular Dynamics and the SHARC Method

When the dynamics to be simulated involves more than one electronic state non-adiabatic
simulations should be performed. This is the case for example of photochemical reactions, thanks
to light activation, the molecule evolves from the reactants to the products GS, going through
chemical modifications in its relaxation from the spectroscopic states. In this section an example
of mixed quantum-classical non-adiabatic dynamics is briefly presented.

Having in mind applications in PDT, the deactivation mechanism of the excited molecule
starting from the spectroscopic states would require a population transfer to the triplet manifold
through an ISC event. Clearly then, for a computational study of the photodynamic effect,
initiated by light absorption but pursued by a triplet excited state, ISC has to be taken into account.

ISC can take place in a wide range of time scales; therefore a unique computational model is
not sufficient to describe this photophysical process in all its forms. In fact traditionally ISC
was believed to be much slower with respect to IC, because it is forbidden in a non-relativistic
framework and when this is the case non-dynamical approaches are suitable to estimated ISC
probabilities.93 Nowadays it is known that ISC can also occur in sub-picoseconds time scales.94,95
In such cases, SOC values cannot be directly correlated to the time scale and rate of observed
triplet quantum yields and a dynamical approach offers complementary information to the static
calculations.

When solving the TDSE involving excited states if ISC is expected, SOCs have to be included in
the Hamiltonian. This is straightforward in quantum dynamics, where a numerical integration of
the TDSE is sufficient. Quantum dynamics have limited applications because only few degrees of
freedom are affordable as the full multidimensional potential energy surface of the excited states
of the molecule has to be known in advance. Despite the introduction of approximations such
as multiconfigurational time-dependent Hartree (MCTDH)96 method, these are still extremely
computationally expensive for polyatomic molecules with more than few tens of atoms yet.

Mixed quantum-classical approaches are more suited when many degrees of freedom could play
an important role in the deactivation mechanism of the molecule. In these dynamics the nuclear
motion is described classically, i.e. there is no nuclear wavefunction and the motion is limited
to single potentials. On the other hand, the electronic part of the system is defined by a
time-dependent wavefunction expressed as a linear combination of basis functions ϕ

|Ψ(t)〉 =
∑
α

Cα(t)|ϕα〉 (2.44)

and the properties of the electronic wavefunction, such as the gradient, direct the nuclear motion.

In this category fall the trajectory based method named surface hopping97 originally developed
to describe IC. The classical nature of the nuclear motion implies that an ensemble of trajectories
NTOT is required to partially recover the quantum behaviour of the nuclei. A single trajectory in
fact cannot reproduce the splitting of the nuclear wave packet into many path branching from the
crossing of the PESs. The ensemble of trajectories provides a statistically significant description
of the excited states evolution of the molecule investigated.

Here, a particular implementation of non-adiabatic surface hopping dynamics will be discussed, i.e.
the surface hopping including arbitrary couplings (SHARC).98–100 The nuclear motion is described
classically using an ensemble of trajectories; nevertheless, the motion is coupled and driven by the
properties of the electronic wavefunction calculated at the quantum mechanical level of theory.
Therefore, nuclear motion follows also Newton’s second law (see Equation 2.40):

d2

dt2
RA(t) = −∇AEβ(R(t))

mA
(2.45)
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but this time the atomic position RA is determined by the energy gradient ∇AEβ of the electronic
state β on which the trajectory is moving. The electronic properties are determined locally at
each time-step and therefore depend on the molecular structure R(t). Since only local information
is required, the electronic problem is solved at each time step, i.e. on the fly.

An important aspect in surface hopping simulations is the basis selected to express the electronic
wavefunction Ψ(t), as in Equation 2.44. The eigenstates of the electronic Hamiltonian provided
by the electronic structure method of choice would be the most advantageous solution. The
use of this so-called molecular Coulomb Hamiltonian basis (ĤMCH) is advantageous because it
is spin-independent and therefore its eigenstates are also eigenstates of the spin operators Ŝ2 and
Ŝz. Nevertheless, the MCH Hamiltonian does not contain SOC elements, which are needed when
ISC is part of the relaxation mechanism of the molecule investigated. Moreover, when multiple
spin components, MS , are present, e.g. in triplet excited states, surface hopping is no longer
rotationally invariant in this basis. In SHARC the total Hamiltonian to perform surface-hopping
dynamics is defined as follows:

Ĥtot
el = ĤMCH

el + Ĥadd
el (2.46)

where Ĥadd
el can be either the SOC operator or an external electric field, according to the kind

of processes investigated.98,99 This Hamiltonian is no longer diagonal, moreover the additional
couplings might be delocalized over the PESs, as in the case of SOCs. Having positive transition
probabilities far from interstate crossings would complicate the surface hopping simulation and
increase its computational cost.

Therefore, a third electronic Hamiltonian can be defined. This is the diagonal Hamiltonian Hdiag
el ,

which is obtained by unitary transformation of the MCH Hamiltonian Hdiag
el = U†HMCH

el U. The
diagonal eigenstates are also eigenstates of the total Hamiltonian Ĥtot

el . Moreover, the non-adiabatic
couplings are again local, giving large hopping probabilities only when the PES of two electronic
state are close or degenerate in energy. Finally, the problem of the rotational invariance related to
the MS components is also solved.99
In SHARC, the surface hopping simulation is then performed in the diagonal basis, whereas the
electronic properties and the solution of the electronic equation of motion are computed within
the MCH representation.99,100 This procedure involve three steps in the overall propagation: the
coefficients of the diagonal basis Cdiag(t) are transformed into the MCH basis and the electronic
wavefunction is propagated to the subsequent time step, i.e. CMCH(t) to CMCH(t+∆t). Finally the
CMCH(t+∆t) are transformed back to the diagonal representation Cdiag(t+∆t) = U†CMCH(t+∆t)
to continue the simulation.99,100

The propagation of the nuclear motion is determined integrating Equation 2.45, from one time
step to the next, with the velocity-Verlet algorithm (see also Equation 2.41):

Cdiag(t+ ∆t) = U(t+ ∆t)†exp[−(iU†HMCHU + U†TMCHU)∆t]U(t)Cdiag(t) (2.47)

where U(t+ ∆t)†exp[−(iU†HMCHU + U†TMCHU)∆t]U(t) is identified as Pdiag(t+ ∆t, t).

Each time step of the simulation implies overall four different stages:

1. the electronic properties, i.e. the electronic structure and the additional couplings are
determined for the current geometry R(t);

2. the electronic wavefunction Ψ(t) is propagated according to such properties using the diagonal
basis with Equation 2.47;

3. the active state β is selected after evaluating the hopping probabilities stochastically using
the time-dependent coefficients Cα(t) of Ψ(t);

4. the energy gradient from the new active state Eβ is used to determine the geometry R(t+∆t).

The hopping probabilities from the active state β to a new state α are determined using Pdiag and
Cdiag from Equation 2.47

hβ→α =
(

1− |Cβ(t+ ∆t)|2
|Cβ(t)|2

) < [Cα(t+ ∆t)P∗αβC∗β(t)]

|Cβ(t)|2 −< [Cβ(t+ ∆t)P∗ββC∗β(t)]
(2.48)
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and by means of a random number algorithm so that the hop decision is stochastic.101 The hop
occurs only if the random number between 0 and 1 falls in the region defined by the hopping
probabilities. Moreover a fewest switches algorithm is also used to avoid averaging the electronic
states energies, as this would produce an Ehrenfest molecular dynamics.102 Considering that the
excited states population is represented by an ensemble of trajectories, these should be consistent
with the electronic wavefunction. Therefore, the criteria for the hopping probabilities can be also
expressed as

|Cα(t)|2 =
Nα(t)

NTOT

(2.49)

where Nα is the number of trajectories out of the total number NTOT, that are following the
electronic state α.

The advantages of surface-hopping methods are multiple: (i) the excited state PES is determined
on the fly because only local information is necessary for the trajectory propagation. Moreover,
(ii) each trajectory is independent from the others and efficient parallelization of the dynamics
can be easily implemented. Such advantages derive from the quantum-classical nature of the
method, which implies also that intrinsic quantum effects cannot be properly described. Because
of the independent-trajectories formulation, quantum decoherence is not included in the simulation
and has to be introduced as a correction.103 Classical trajectories also do not account for the
quantization of the vibrational states and the zero-point energy is not correct. Nuclear quantum
effects such as tunneling and interferences are also not described.
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Chapter 3

BODIPYs as novel photosensitizers

The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene or in short BODIPY (1 in Figure 3.1)104,105, is
the parent compound of a wide family of dyes exploited in numerous fields.33,106–110 Among
other applications, this class of compounds has also been suggested as novel family of PSs to be
employed in PDT.16,19,111–118 Unfortunately the parent compound lacks the relevant photophysical
properties required for PDT applications: (i) absorption maximum inside the energetic range
defined as "therapeutic window" and (ii) efficient singlet-triplet ISC leading to high triplet
quantum yields. Thanks to its susceptibility to chemical modifications23,119 the synthesis of
derivatives with the desired chemical and photophysical properties is possible120. Nevertheless,
property/functionalization relationships in BODIPYs are not yet fully established, especially in
the case of complex properties such as triplet quantum yields.121 Theoretical chemistry could
provide the necessary insights to define and understand37,122–136 these relationships and help the
design of BODIPY based PSs.

In this first part of this chapter, quantum chemistry calculations have been used to investigate
optical and photophysical properties of the BODIPYs presented in Figure 3.1; considering the
different relaxation mechanisms that become active upon light irradiation in those systems. Mixed
quantum-classical molecular dynamics simulations have helped unravelling the evolution in time
of the excited states for the meso-ethyl-2-Br-BODIPY derivative 4.

Figure 3.1: Structures of the BODIPY compounds studied in this thesis: 1 the parent compound,
a meso-pentafluorophenyl(PFP)-BODIPY 2, a meso-(4-fluoro-3-nitro-phenyl)-BODIPY 3 and a
meso-ethyl-2-Br-BODIPY 4

First, for the parent compound 1 a complete overview of the excited state PESs is provided
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including both singlet and triplet multiplicities. Two different methodological approaches have
been assessed for this purpose (section 3.1). In section 3.2 the performance of several electronic
structure methods has also been assessed to compute the optical properties of a BODIPY derivative.
Compound 2 carries a pentafluorephenyl (PFP) ring at the meso position, that is position 8- in
1 of Figure 3.1. This substitution is expected to influence light absorption and emission of the
dye. The combination of an aromatic substituent at the meso position and one or two halogen
atoms in positions 2- and 6- (see 2 and 3 in Figure 3.1) is considered in section 3.3. Both the
optical and the photophysical properties of compounds 2 and 3 are monitored. In section 3.3, an
effort is made to investigate the influence of introducing one or two heavy atoms, i.e. Br atoms, as
substituents on the core structure of the two compounds. Finally the meso-ethyl-2-Br-BODIPY
(4) which carries a simpler alkyl substituent at the meso position and a single halogen atom was
selected as model BODIPY derivative for a molecular dynamics study. The excited state decay
pathways of this compound were explored with surface hopping molecular dynamics simulations
using the SHARC method, reported in section 3.4. The simulations provided further insights on
the relative importance of the different deactivation pathways, and allow the estimation of the
timescales to possible ISC events.

3.1 The parent compound

The parent BODIPY 1 presents remarkable optical properties such as intense absorption around
500 nm and strong fluorescence emission, with quantum yields φFL = 90 ± 5%. Nonetheless, an
ISC yield of 1.1% was also measured for this small organic dye.105

From a theoretical point of view, besides its spectroscopic properties, the photophysics of the
parent compound beyond the Franck-Condon (FC) region was only partially reported in the
literature.124,137,138 In these studies, the access to the triplet manifold and the role of higher
lying spectroscopic states were disregarded because the aim of such studies was to provide an
explanation for this dye strong fluorescence. To shed light on the origin of the fluorescence
properties of this dye these works predominately considered the first excited state S1 PES. The
energies of the S1 minimum and S1/S0-CIs were compared to determine the relative competition
between fluorescence and IC processes.

The size of the parent compound, with 21 atoms, granted an easy performance of a methodological
study, comparing the results delivered by two computational models. The state of the art
MS-CASPT2//CASSCF(12,11) level of theory was employed to unravel the deactivation
mechanism of this dye starting from the two lowest lying spectroscopic states S1 and S2,
populated upon light irradiation. The main stationary points and interstate crossings for the first
three states of both multiplicities were located and connected following minimum energy paths.139
The picture obtained with this method served as computational reference for the benchmark of
more computationally economic methods.

CASPT2 is recognize as the "golden reference" in computational photochemistry50 for its ability
to recover both static and dynamical electron correlation. The multireference nature of the
electronic wavefunction allows the description of regions of the PES where two or more electronic
states become close or degenerate in energy. This is the case, for example, of IC funnels where two
electronic states converge, mix and form a conical shape. The degeneracy between the two states
can only be lifted following two coordinates that therefore define the branching space.140,141

For larger molecules, besides becoming very expensive, the CAPST2 method could also suffer
from the subjectivity of the user, when reduced ASs must be used to construct the CASSCF
wavefunction. With the purpose of studying more complex, both in electronic structure and
size, BODIPY derivatives more suitable for PDT applications, a different computational method
should be selected. ADC(2) could be an adequate choice because it has provided good results
for many photophysical and photochemical problems,123,142,143 it is a black box method and is
computationally less demanding.63

The most delicate point in computational photochemistry is the optimization of interstate
crossings, so that, by comparison of their relative energies with that of other regions of the PES,
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hypothesis on the deactivation mechanism of the molecule can be formulated. ADC(2) considers
the MP2 approach to calculate the GS whilst excited states are computed with linear response
theory.63 S1/S0-CIs cannot be then correctly characterized with this method since the two
crossing states are treated at different levels of theory. Thus, ADC(2) delivers linear interstate
crossing with a wrong dimensionality of 3N-7 instead of 3N-2, that is the case of actual CIs.143

Despite this limitation, the ADC(2) S1/S0-CI structures found for the parent compound, are
in reasonable agreement with the ones predicted by the CASPT2 reference, even though their
energies (reported in parenthesis in Figure 3.2) are systematically underestimated up to 1.5 eV
with respect to the reference. The ADC(2) structures of excited state stationary points and
other interstate crossings are also in good agreement with the geometries obtained with CASPT2.
The main structural difference is found in the dihedral angle B-N4a-C8a-C8 (see Figure 3.1 for
atom numbering) that is systematically larger in the ADC(2) structures. The ADC(2) excited
state energies are in better agreement with CASPT2 for stationary points or interstates crossings
involving excited states only. The energies are still slightly underestimated (0.3 eV) but the
ADC(2) excited state PESs run parallel to the ones predicted by the reference method. The
exploration of the PESs of the dye with these two methods provided a complete picture of possible
deactivation mechanisms that the molecule could undertake to return to its fundamental state,
after light absorption.

The parent BODIPY presents two low lying bright states S1 and S2 (red and blue respectively in
Figure 3.2 (a)) that are populated upon irradiation of the dye, both of them with a ππ∗ character.
The higher lying excited state S2, according to its minimum energy path from the FC region, falls
directly into an IC funnel (S2/S1-CI) that would transfer its population to the lowest excited state,
in agreement with Kasha’s rule.144 The population of the molecule would then be collected in
the S1 minimum, which is also connected to the S1 FC through a minimum energy path on this PES.

The shape of the S1 PES reported in Figure 3.2 (a) together with the S2 and S0 PESs, is consistent
with the experimental fluorescence quantum yield of the dye and in agreement with previous
theoretical works.124,137 Three different non-radiative deactivation channels to the fundamental
state (S1/S0-CIs) are found for the parent BODIPY; among these, two involve the S1 FC state and
one involves an excited state with the character of the S2 FC. The two CIs involving the S1 excited
state are supposedly lying on the same intersection seam, as shown in orange in Figure 3.2 (a). The
one at 3.52 eV relative to the GS presents the characteristic butterfly-like motion of BODIPYs124
while the other, at 4.56 eV, is found at higher energies because the B-N4a bond has dissociated.
This dissociative S1/S0-CI, was previously reported in the literature at the CASSCF level of
theory.137 The structure reported by Dede and co-workers137 is a point of the CASSCF intersection
seam, but presents an S1-S0 energy gap of 0.65 eV at the CASPT2 level of theory. Dynamical
correlation lifts the degeneracy found with CASSCF and the CI structure needs to be relocated
with CASPT2, with the help of a CASPT2 minimum energy path calculation following the S1 state.
This procedure was actually systematically adopted for all the CIs involving the GS, whereas the
CASPT2 and CASSCF approaches located similar degeneracy regions for other funnels of the PES.

Besides the two CIs discussed above involving the S1 FC, a third crossing involving the S2 FC and
the S0 was found. The S2 state, after switching order with the S1 FC at the S2/S1-CI, becomes
degenerate with the GS at 5.36 eV relative to the GS minimum. Despite not showing strong
distortions in the structure, this CI lies very high in energy, probably because of electronic effects.
The excited state wavefunction presents in fact at this point of the PES a strong mixture of the
characters of the S1 and S2 states. Additionally the degeneracy with the GS is also affecting
the character of the electronic excited states wavefunctions mixing them with the one of the GS
S0. Here the wavefunction is exceptionally multireferential and the ADC(2) method predicts a
relative energy that is 1.5 eV below the reference value determined with CASPT2.

All the three non-radiative channel discussed above are found at higher energies relative to both
the S1 minimum and the S1 FC value, using both the MS-CASPT2 and the ADC(2) methods.
The picture delivered by the theoretical investigation summarized in Figure 3.2 (a) for the singlet
manifold suggests that the only deactivation pathway accessible to the molecule is fluorescence.
As Figure 3.2 (b) shows, the most probable channel to populate the triplet manifold found for
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Figure 3.2: Cartoons of singlet (a) and triplet (b) excited state PESs of the parent BODIPY.
Relative energies for the most important stationary points and interstate crossings are reported in
eV at the MS-CASPT2 and at the ADC(2) level of theory in parenthesis. Source: Adapted from
M. De Vetta, L. González, I. Corral Perez, The role of electronic triplets and high-lying singlet
states in the deactivation mechanism of the parent BODIPY: an ADC(2) and CASPT2 study.,
ChemPhotoChem. (2018). doi:10.1002/cptc.201800169. Copyright ©(2018) Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

this dye involves the second triplet excited state T2. The crossing between the S1 and T2 states
is in fact the closest both in energy and structure to the S1 minimum, where the population is
retained after relaxation from the FC region. Moreover, this state is expected to rapidly transfer
its population to the lower T1 state by means of a T2/T1-CI which coincides with the minimum
of the T2 PES. The S1-T2-ISC funnel, despite being favourable from an energetic point of view,
is only rarely employed by the excited state population of the dye (1.1% kISC) which instead is
returned to the GS with light emission.105 This low experimental triplet quantum yield can be
ascribed to the very small SOCs (v 1 cm−1) found between singlet and triplet excited states in
the parent BODIPY. Small couplings were also expected resorting to the qualitative El-Sayed
rules145 since the states of both multiplicities have ππ∗ character.

Two more ISC channels have been found involving the higher lying singlet excited state
S2, which though has an absorption energy unsuitable for PDT. These channels however could
play an important role for applications where no limitations are imposed on the absorption energies.

More details on the parent BODIPY study could be found in the publication reprinted in
subsection A.0.2.

3.2 meso-pentafluorophenyl(PFP)-BODIPY: an exemplary
BODIPY derivative

The parent BODIPY is far from being suitable to be used as PS in PDT. Two are the main aspects
that need to be modulated and tuned by decorating its structure with appropriate substituents: (i)
the main absorption band should be moved inside the "therapeutic window" inducing a red-shift
and (ii) the efficiency of singlet-triplet ISC must be increased.

The PFP functional group was selected because when placed at the meso position, it stabilizes
the dipyrromethene core (see Figure 3.3 (a)). The electron withdrawing character of the PFP also
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DERIVATIVE

stabilizes dipyrromethanes, precursors in the synthesis of BODIPY derivatives but also of many
other relevant macro-cycles, such as trans-A2B2-porphyrins. This functional group also aids the
regio-selective substitution of the precursor with nucleophiles in positions α and β, highlighted in
Figure 3.3 (a).146–148

The most popular computational method adopted for studying BODIPY derivatives is
TD-DFT,79,128,132,135,149–155 because it allows to study rather large compounds at a reasonable
computational cost.

Moreover, the wide spectrum of xc-functionals available contributes to the flexibility of this method.
Such flexibility is responsible for the impossibility to extrapolate the use of a functional to other
compounds belonging to this family of dyes and the definition of the best computational method
is compound-specific. For example, in the case of the meso-PFP-BODIPY 2, charge transfer and
local states present different errors in the relative energies when different functionals are used. The
accuracy of TD-DFT for predicting the absorption energies of BODIPY derivatives is therefore
bounded to the character of the excited states.

Figure 3.3: (a) Structure of the meso-PFP-BODIPY with atom numbering and substitutions
nomenclature. (b) Normalized absorption spectra of the meso-substituted compound computed
with the methods reported in the legend and compared to the experimental spectrum recorded
in ethanol. (c) MS-CASPT2 semi-classical spectrum computed from an ensemble of geometries
provided by a Wigner distribution; the spectrum is shifted of -0.36 eV to better reproduce the
experimental one.

ADC(2), on the other hand, despite being more expensive than TD-DFT is a black-box method
that predicts excitation energies of different kind of electronic transitions with similar accuracy.63
MS-CASPT2, which was used as reference in the parent BODIPY study (section 3.1), was found
in this case to be out-performed by the mono-referential method ADC(2) as showed by Figure 3.3
(b). The decline in accuracy of the multireferential method is due to the use of a reduced (8,7)
AS to construct the CASSCF wavefunction. The use of a larger AS such as the (12,11) adopted
for the parent compound restores the supremacy of CASPT2. Still, the (12,11) AS does not
contain all the π orbitals in the case of compound 2. Moreover the calculation of electronic states
gradients, required to optimize stationary points and interstate crossings, with the larger (12,11)
AS becomes extremely expensive.

Considering the good compromise between accuracy and computational cost, the reduced (8,7)
AS has been used to compute the semi-classical spectrum of the meso-PFP-BODIPY. For this
purpose, 100 excited states calculations have been performed on the geometries given by the
Wigner distribution of the vibrational GS of the electronic GS.

Using the MS-CASPT2//CASSCF(8,7) and the vibrational sampling of the GS minimum the
semi-classical spectrum reported in Figure 3.3 (c) was computed. Such spectrum predicted the
assignment of the experimental absorption bands. The semi-classical approach, with the use of
configurational sampling, gives a natural broadening of the theoretical spectrum that, opportunely
shifted by 0.36 eV to the red, matches the experimental curve (see Figure 3.3 (c)).

A comparison between the theoretical line spectra computed on a single (GS minimum) geometry
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at the CASPT2 and ADC(2) level of theory against the semi-classical spectrum computed on an
ensemble of geometries guaranteed that the assignment of the absorption bands established is valid
for both methods. Moreover, ADC(2) presents the additional advantage of having a smaller error at
the single geometry approximation with respect to the correspondent MS-CASPT2//CASSCF(8,7).

After including solvent effects with the implicit COSMO solvation model,85 the error in the
ADC(2) spectrum is drastically reduced to only 0.05 eV for meso-PFP-BODIPY. Finally it was
also proved that the dependence of the method on the size of the basis set is very small. The
comparison of the results obtained with the Dunning’s base aug-cc-pVDZ,156 the Ahlrichs’s
def-SVP and def-TZVP157 basis sets delivered energy difference of only 0.07 eV.

As this compound represents an important building block in the design of more sophisticated
BODIPY derivatives, it is interesting to consider the substitution effect on the most relevant
optical properties of this simple BODIPY derivative compared to the ones of the parent compound.
The meso-substituted BODIPY presents a red-shift of 0.16 eV of the main absorption band with
respect to the absorption energy of the parent compound. Similarly to the core BODIPY this
excitation is assigned to the HOMO-LUMO transition. The shift of the S1 excited state is ascribed
to the stabilization of the LUMO orbital by the electron withdrawing effect of the substituent
that reduces the HOMO-LUMO gap. The strong stabilization of the S1 state, is found both at
the FC region and at the position of the minimum, as reported in Figure 3.4 where the energy
values in these two points of the S1 PES are compared to ones of the parent compound.

The energy of triplet states themselves is only slightly affected by the substituent, therefore e.g.
the S1-T1 energy gap becomes smaller compared to the one found for the parent compound.
Interestingly at the S1 minimum a large destabilization of the GS is found for the BODIPY
derivative. Besides affecting the vertical emission energies this could also be an indication that
the IC funnel S1/S0-CI might compete with both fluorescence and ISC in the relaxation of the
molecule back to the GS.

Figure 3.4: Energetic diagram for the first singlet electronic states of the meso-PFP-BODIPY 2
and the parent BODIPY 1. The absorption and emission energies for the two compounds are also
reported. Energies in eV.

More details can be found in subsection A.0.3.
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3.3 BODIPY derivatives carrying heavy atoms: the case of
brominated meso-substituted-BODIPYs

Among the properties required to a PS, achieving high triplet quantum yields, besides being
fundamental for both Type I and Type II mechanisms of PDT, it is also the most difficult property
to tune by means of chemical functionalization.158 The absorption energies can be easily tailored
as showed in the previous section inserting a conjugated substituent at the meso position. This
substitution resulted in a red-shift of the main absorption band of the BODIPY. Unfortunately,
extrapolating the substitution/property relationships established for the singlet excited states to
the triplet manifold is not possible.121 Again, taking as an example compound 2, the effect of the
PFP substituent barely changes triplet excited states energies resulting in different singlet-triplet
energy gaps with respect to the parent compound. Many different strategies, more or less
sophisticated, have been explored specifically for increasing the singlet-triplet ISC efficiency in
BODIPYs.38,111,115,158–163

It would be ideal to find a chemical modification that both moves the absorption in the desired
energy range and boost the population of the triplet manifold. One possibility could be the
introduction of halogen atoms on the core part of meso-substituted BODIPYs. Compounds that
carry an aromatic ring as substituent in the meso position, like 2 and 3 from Figure 3.1, present
red-shifted absorption energies with respect to the parent compound. The comparison of the
absorption spectra in Figure 3.5 (a) of compounds 1, 2 and 3 shows that the most red-shifted
spectrum corresponds to the meso-PFP-BODIPY. The meso-(4-fluoro-3-nitro-phenyl)-BODIPY,
labelled as "Nitro" in the graph, is slightly less shifted because of the lower electron withdrawing
character of the aromatic substituent compared to the PFP.

Incorporating halogen atoms beyond the second period, exploits the heavy atom effect to increase
the probability of ISC events. The introduction of heavy atoms with great nuclear charge
translates in a stronger coupling between the spin and angular (or orbital) momentum of the
molecule. The SOC produces the mixing of the states involved and promotes transitions between
electronic states which would be otherwise forbidden.

In this section the effect of introducing Br atoms in positions 2- and 6- of compounds 2 and 3
(Figure 3.1) on the absorption properties, the singlet-triplet SOC values and the overall shape
of the excited states PESs will be analysed. The two reference compounds of the series, 2 and
3, were first substituted with one and two Br atoms, in order to monitor step by step the effect
of each substitution. First of all, we have considered the effect of the halogen atoms on the
absorption properties of the BODIPY derivatives. As showed by Figure 3.5 (b), taking the series
with compound 3 as example, the introduction of Br atoms moves the main absorption band to
lower energies. This effect arises from the participation of the lone pairs of the halogen atoms in
the π conjugation of the core part of the compounds. The extension of the π conjugation of the
core part of BODIPYs, as shown in the HOMO orbital reported in Figure 3.5 (c), is known to
produce near-IR absorbing dyes and has already been exploited to tune the optical properties of
BODIPY derivatives.111,164–166 The same trend reported in Figure 3.5 (b) has also been found for
the meso-PFP-BODIPYs.

The conjugation of the Br lone pair with the π aromatic core in the orbitals contributing to the
main absorption band of the compounds, despite being favourable in terms of absorption energies,
is not favouring the coupling between singlet and triplet states to increase the ISC probability. In
fact, the singlet S1 and the closest triplet excited states at its minimum, where the population
is retained, display the same excitation character (ππ∗) and therefore are expected to present
small SOC according to the El-Sayed rules.145 Due to the nature of the SO Hamiltonian, SOC
values are expected to increase when the electronic transitions happen between orbitals oriented
orthogonally one to the other. Despite this doesn’t occur in the compounds considered here, the
atomic weight of the Br atoms is still expected to enhance the efficiency of singlet-triplet ISC.

Similarly to the parent compound, the two series of compounds considered also present the
S1-T2-ISC accessible from the S1 minimum. This ISC point is therefore again considered the
most plausible funnel for transferring the population to the triplet manifold. However, as the
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Figure 3.5: (a) Comparison of the two reference meso-substituted compounds 2 and 3 absorption
spectra and the parent compound absorption. (b) Comparison of the absorption spectra of the
meso-(4-fluoro-3-nitro-phenyl)-BODIPY series. (c) HOMO and LUMO orbitals for the "Nitro"
compound carrying two heavy atoms included in the S1 excitation. All the spectra are normalized
and computed with ADC(2)/def-TZVP, using the COSMO solvation model to include the effect
of ethanol.

heavy atoms are introduced the energy required to reach the crossing point from the S1 minimum
increases from a value of 0.06 eV for the reference compounds 2 and 3, to 0.13 eV for the
mono-brominated ones and to 0.16 eV for the compounds carrying two Br atoms. These changes
in the relative energy of the ISC point are somehow counterbalanced by the higher coupling values
expected for the compounds substituted with the halogen atoms.

The singlet S1 minimum represents the point of the excited state PESs where the population is
trapped and retained after relaxation from the spectroscopic states, populated upon radiation.
Therefore, at this point of the S1 PES, it could be possible to transfer population to the triplet
manifold if the SOCs are high. ISC points have also been located since they represent other
regions of the PESs where a triplet excited state can receive population. In these points of the
PES in fact, the energy gap between singlet and triplet states is minimal, and therefore the
population transfer is favoured. At the crossing points and at the S1 minimum the SOC between
the populated S1 state and the closest triplet states T2 and T1 have been calculated for the two
series of compounds (see Table 3.1).

In both series, at the crossing between the S1 and the second triplet T2, the lowest lying triplet
state T1 is found also close in energy. The S1-T1 energy difference is larger for the two reference
compounds 2 and 3 and amounts to 0.30 and 0.27 eV respectively. As the bromine atoms are
introduced, the energy gap with T1 gets smaller and is reduced to 0.20 eV for the mono- and
double brominated derivatives. The two lower triplet states are also close in energy to the S1

minimum with energy gaps ranging from 0.2 to 0.6 eV. Since the S1 minimum is stabilized by the
incorporation of the heavy atoms while the triplet states are not affected, the S1-T1 energy gaps
decrease in the two series whereas the S1-T2 gaps increase. However, despite being very close in
energy, the coupling between the S1 and the T1 at the S1 minimum has been found smaller than
0.01 cm−1. This is probably due to the character of these two states that not only are both ππ∗
but also have very similar contributions in terms of electronic transitions.
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Table 3.1: SOC values between the S1 and the T1 and T2 states at the S1 minimum and at the
S1-T2-ISC structure for the PFP and "Nitro" series.

SOC (cm−1)
PFP Nitro

S1 min S1-T2-ISC S1 min S1-T2-ISC
T2 T1 T2 T2 T1 T2

No Br 0.38 0.40 0.28 1.01 0.20 0.20

1 Br 2.38 2.03 0.47 1.59 1.77 0.75

2 Br 5.61 1.93 0.66 4.37 1.63 0.54

Considering the SOC values reported in Table 3.1 it is interesting to highlight some trends
emerging in the two series investigated. The largest coupling between S1 and T1 is found at
the S1-T2-ISC point and amount to 2.03 and 1.77 cm−1, correspond to the mono-brominated
compounds of the PFP and "Nitro" series respectively. The slightly larger coupling found for
these two compounds can be ascribed to the asymmetric nature of the structure and consequently
of the S1 excitation. Moreover the wavefunction of the S1 state is also contaminated by the T2

state which is found degenerate in energy at this point of the PES. In this way the differences
between the character of the S1 and the T1 states is enhanced, contributing to increase the SOC.

At the S1 minimum, in both series the introduction of the heavy atoms increases the SOC values
of this state with the T2 reaching a maximum of 5.61 and 4.37 cm−1 for the doubly substituted
meso-PFP-BODIPY and the meso-(4-fluoro-3-nitro-phenyl)-BODIPY respectively. At this point,
it can also be noticed how for all the compounds, the values reported in Table 3.1 are slightly
larger for the meso-PFP-BODIPYs. Only exceptions are the two reference compounds 2 and 3
and the two mono-brominated ones at the S1-T2-ISC where the opposite occurs, even though the
differences are minimal. The columns corresponding to the S1-T2 coupling at the ISC point in
Table 3.1 also show that the increasing trend of the SOC values is not respected in the case of the
"Nitro" series where the mono-brominated compound has slightly larger coupling with respect to
the doubly substituted one (0.75 cm−1 > 0.54 cm−1).

From the S1 minimum, besides radiative deactivation and ISC, the molecule can also undergo
non-radiative deactivation through an S1/S0-CI. With the aim of investigating the competition
between the S1-T2-ISC and IC funnels, the interstate crossing between the lowest singlet excited
state and the GS has been optimized for the compounds belonging to the two series studied here.
In contrast to the parent compound (section 3.1), all the CIs found for the meso-substituted
BODIPYs present very small energy differences with the S1 minimum. This suggests that IC
through these funnels from the S1 minimum would be facilitated and that the non-radiative
pathway is competing with the other processes in the deactivation mechanism.

This is a well-known trend for meso-substituted BODIPYs already discussed in the
literature.120,123–125,127,159 In these works the abrupt decay in fluorescence quantum yields in some
meso-substituted derivatives has been ascribed to a series of factors and some structure/property
relationships have been formulated. In the case of an aromatic ring as substituent at the meso
position, the rotation of the substituent around the C-Cmeso bond favours the non-radiative
deactivation to the GS (i) because the associated nuclear motion is coupled with the non-radiative
deactivation through a S1/S0-CI.120,125,127 Also the presence of an sp2 carbon connected to the
meso carbon of the main scaffold lowers the energy of the IC funnel (ii).124 Finally, also in the
case of a bulky substituent at the meso position, intra-molecular interactions formed between an
atom of the substituent with one of the F atoms of the BF2 moiety, can favour the non-radiative
deactivation of the BODIPY derivative (iii).123

The compounds reported in this thesis, would all fall in the first two cases, where the aromatic ring
free rotation around the C-Cmeso bond and the conjugation through the sp2 carbon facilitate the
non-radiative deactivation of these BODIPYs. Compounds 2 and 3 present their S1/S0-CI at 2.33
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and 2.26 eV relative the GS minimum respectively, i.e. 0.05 and 0.13 eV below the S1 minimum.
This funnels can be reached though only after an energy barrier is overcome from the S1 minimum.
When these two compounds are substituted with an halogen atom then the relative energy of
this IC funnel is slightly lifted in both cases: for the mono-brominated meso-PFP-BODIPY it
is found 0.11 eV above the corresponding S1 minimum while for the mono-brominated "Nitro"
compound this channel and the S1 minimum are found at the same energy relative to the GS.
When the second Br atom is inserted in the meso-PFP-BODIPY, the energy difference separating
the S1 minimum and the CI with the GS is slightly smaller than the one of the mono-brominated
derivative and amounts to 0.09 eV. In the case of the meso-(4-fluoro-3-nitro-phenyl)-BODIPY,
these two points of the S1 PES lie again at the same energy relative to the ground state.

It has been proposed in the literature120,125,127,159 that the rotation of the aromatic substituent
can be prevented after introducing steric hindrance through chemical modifications of either the
substituent or the BODIPY scaffold. For example, methyl groups could be placed on the ortho
positions of the aromatic substituent or directly on the BODIPY scaffold in positions 1- and
7- (see Figure 3.1 for atom numbering). Moreover, the introduction of methyl groups on the
scaffold of BODIPYs was also shown to stabilize the electronic GS state in the FC region and
induce a larger planarity of the BODIPY derivatives structure.126 In the following, the effect of
introducing methyl groups in position 1- and 7- of the core structure of the meso-PFP-BODIPY
(see Figure 3.6 (a)) will be evaluated. The absorption properties and the relative energy of the
non-radiative channel will be considered and compared to the other compounds discussed so far.

Figure 3.6: (a) Structure of the meso-PFP-1,7-dimethyl-2,6-dibrominated-BODIPY. (b)
Comparison of the methylated BODIPY absorption spectrum with that of the dibrominated
meso-PFP-BODIPY. (c) Sketch reporting the relative energies of the S1 minimum, the S1-T2-ISC
and the S1/S0-CI of the two dibrominated meso-PFP-BODIPYs.

According to the spectra reported in Figure 3.6 (b), the presence of the methyl groups on the
core scaffold of the BODIPY derivative are not affecting the energy of the main absorption band.
They instead induce a consistent red-shift of 0.25 eV in the second absorption band lying at 3.23
eV. This absorption band is arising mainly from the HOMO-1 to LUMO electronic transition but
has too high absorption energies to be employed in PDT.

Moving the discussion to the difference in the energy profiles of the IC and ISC processes,
the S1-T2-ISC and the S1/S0-CI structures have been optimized for this new compound. The
relative energies of these points of the PES and the one of the S1 minimum are reported
and compared to the ones of the dibrominated meso-PFP BODIPY in Figure 3.6 (c). The
introduction of the two methyl groups decreases the energy difference between the S1 minimum
and its crossing with the second triplet T2 to half of the value calculated for the dibrominated
meso-PFP-BODIPY that amounts to 0.16 eV. Limiting the rotation of the meso substituent
slightly increases the relative energy of the S1 minimum and slightly decreases the relative energy of
the S1-T2 interstate crossing, resulting in a smaller energy gap between these two points of the PES.

Considering the IC S1/S0 funnel, the introduction of the methyl groups lifts the energy of this
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CI relative to the ground state from 2.13 eV up to 2.37 eV. Even though the energy of the S1

minimum is slightly higher for the compound with the methyl groups (2.07 vs 2.04 eV), the energy
necessary to reach the CI from the minimum is now 0.30 eV against a much smaller value of 0.09
eV found for the dibrominated meso-PFP-BODIPY.

All in all, the introduction of methyl groups at 1- and 7- position, hinders the non-radiative
deactivation path along the singlet manifold increasing the energy required to reach this funnel
from the lowest singlet excited state minimum. Moreover if ISC has to prevail over fluorescence in
the deactivation mechanism, the presence of the methyl groups lowers the energy gap separating
the S1-T2-ISC from the S1 minimum. The bromine atoms increase the coupling of the S1 state
with the two lower lying triplet states.

On the other hand, considering the compounds belonging to the PFP and "Nitro" original
series only, it seems that a compromise between increasing the SOC with more heavy atoms and
controlling the energy differences between the S1 minimum and the IC and ISC funnels has to be
made. The introduction of the second Br atom, in fact, doubles the energy differences between
the S1-T2-ISC and the S1 minimum and at the same time lowers the energy of the IC funnel.
Additionally, in some cases the SOC values were found to be slightly larger if a single Br atom
was included as substituent of the core part of the BODIPY derivative.

Last, among the two different aromatic substituents considered for the meso position, the PFP
presents more advantages for PDT applications. First, the absorption is slightly more red-shifted
(0.06 eV) compared to the meso-(4-fluoro-3-nitro-phenyl)-BODIPYs, as shown in Figure 3.5 (a).
Then, the coupling between the lowest singlet excited state S1 and the two lowest lying triplets T1

and T2 is also for most of the cases slightly larger for the PFP substituted BODIPY according to
the values reported in Table 3.1. Finally, the competing non-radiative IC deactivation channel, is
found at slightly higher energies for the first series of compounds, prolonging the retention of the
population in the excited state manifold in the case of the PFP compounds enhancing the transfer
of population to the triplet manifold.

3.3.1 Computational Details

The GS geometry of the compounds has been optimized employing DFT, with B3LYP167 as
xc-functional and a triple zeta polarized Pople basis set 6-311G*.168 The absorption spectra of the
compounds studied has been computed with the ADC(2) method with the def-TZVP basis set.157
The effect of the solvent, ethanol, has been considered on the GS geometry re-optimizing the
structure with the PCM continuum model in its IEFPCM variant, and the effect of solvent-solute
interaction on vertical excitation energies was taken into account with the COSMO model.85 The
dielectric constant ε employed was 24.5 and the refractive index n = 1.36. The radii to construct the
cavity were selected from the Turbomole libraries.66 For the boron atom we have employed a radius
of 2.048Å. The broadening of the absorption band was achieved by convoluting the spectral lines
with Gaussian functions with full width at half maximum of 0.20 eV. The ADC(2)/def-TZVP level
of theory was again employed to determine the first 3 singlet and 3 triplet excited states energies
at FC region and at the minimum of the most relevant excited states in the gas-phase. Interstate
crossings structures were also optimized at the same level of theory employing the algorithm
developed by Todd Martínez and coworkers.169 All the calculations at the ADC(2)/def-TZVP level
of theory were performed adopting the resolution of identity170 and the frozen core approximations
as implemented in the Turbomole-7.1 software package.66 The ADC(2) method, as implemented
in Turbomole-7.1, does not allow to compute SOCs. These were therefore estimated at the
SA(5)-CASSCF(8,7)/ANO-RCC level of theory with the Douglas-Kroll Hamiltonian171 using the
atomic mean field approximation method172 for the integrals as implemented in the Molcas 7
software package.173 The (8,7) AS is composed by four occupied orbitals and three virtual orbitals
localized on the core scaffold of the compounds. The DFT geometry optimizations were carried
out with Gaussian09.174
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3.4 SHARC dynamics on an sp3 meso-substituted BODIPY
carrying an heavy atom

The static calculations reported so far have highlighted some interesting relations between
photophysical properties and substitution patterns. The presence of an aromatic ring as
substituent of the meso carbon, despite moving the main absorption closer to the therapeutic
window, opens the non-radiative channel to deactivate to the GS. A fast deactivation through
an IC process, depleting the population of the excited states that could undergo ISC, is a
disadvantage for applications in PDT.

The introduction of heavy elements to increase the SOC between spectroscopic states and triplet
excited states also affects the relative energies of important interstate crossings with respect
to the S1 minimum, where the excited electrons are collected and retained. In the case of the
meso-substituted BODIPYs considered in the previous subsection, the presence of Br atoms seems
to favour IC with respect to ISC, respectively decreasing and increasing the energy differences
between the S1 minimum and the S1/S0-CI and the S1-T2-ISC.

Additionally, in the literature are reported several proofs connecting substituents in the meso
position with changes in the photophysical behaviour of BODIPY derivatives. In particular
BODIPYs fluorescence quantum yields are extremely sensitive to substitution in this position
of the dipyrromethene.120,123,125,127 One of the works from Prlj et al.123, provided further
insights on the fluorescence/meso-substituent relationship. In this work, the photophysics of a
meso-vinyl-BODIPY is compared to a BODIPY carrying a simpler ethyl group attached to the
meso carbon. By means of mixed quantum-classical simulations they inferred that the presence of
an sp2 carbon connected to the BODIPY scaffold changes the topology of the S1 PES so that the
S1/S0-CI is easily accessible from the S1 minimum. On the other hand the meso-ethyl-BODIPY
presented long excited states lifetimes for the first spectroscopic state. Long lived excited states
provide an advantageous condition for determining actual pathways to populate the triplet
manifold, which is the main objective of this part of the thesis. Inspired by the work of Prlj et
al.123 and the meso-ethyl-BODIPY photophysics, a model BODIPY is designed introducing a
single Br atom on core part of the BODIPY derivative, resulting in the meso-ethyl-2-Br-BODIPY
identified as compound 4 in Figure 3.1.

First it is interesting to consider the effect of the heavy atom on the main critical points of
the heavy-atom-free S1 PES reported in the work of Prlj et al.123 Similarly to the compounds
evaluated in the previous subsection, in the presence of the Br atom the main absorption
band is shifted to the red by 0.12 eV, moving from an absorption energy of 2.79 eV to 2.67
eV. The S1 relaxation from the FC region to its minimum is also influenced by the presence
of the halogen atom. The energy gained by the molecule in the process is 0.26 eV twice as
much as the relaxation energy of 0.12 eV reported for the simpler meso-ethyl-BODIPY. The
minimum of the compound is then stabilized by the Br atom and its relative energy is shifted
from 2.65 to 2.41 eV, resulting in a steeper S1 PES. Compared to the main spectroscopic
state, the introduction of the heavy atom stabilizes the triplet states less. This unbalanced
changes in the excited states of different multiplicity is mostly affecting singlet-triplet energy
gaps at the FC region and at the S1 minimum. The energy differences between the S1 and the
T1 states are reduced both at the FC region and at the S1 minimum, while ∆ES1−T2

are increasing.

The non-radiative channel (S1/S0-CI) competing with ISC and fluorescence was reported at 2.76
eV for the meso-ethyl-BODIPY123, lying 0.11 eV above the relative energy of the S1 minimum.
In the case of the compound carrying a Br atom in position 2- (4), this funnel lies 0.19 eV
above the minimum reducing the probability for the molecule to undergo IC to return back to
its fundamental state. Interestingly the structures of both the S1 minimum and the S1/S0-CI,
reported in Figure 3.7 (a), do not provide a clear explanation of the changes found in the PESs
of the two compounds. The pair of structure are in fact alike besides for small rotations of the
ethyl group in the meso position and small differences in the bond lengths of the pyrrole unit
carrying the Br atom. Mostly, electronic effects are responsible for the stabilization of the S1

excited state. In fact, a lone pair orbital of the halogen atom is participating in the π conjugation
of the BODIPY main scaffold, as shown for the HOMO orbital in Figure 3.7 (b).
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Figure 3.7: (a) S1 minimum and S1/S0-CI structures of the meso-ethyl-BODIPY in gray and the
related brominated compound 4 in red. The relative energies of the compounds at the two points
of the S1 PES are also reported. (b) Dominant electronic transition of the S1 excited states of the
brominated compound.

More relevant for PDT purposes are ISC points through which the population can be transferred
to the triplet manifold. In this case the introduction of the heavy atom is moving the interstate
crossings of the S1 with the two lower lying triplets at slightly higher energies with respect to
the heavy-atom-free compound. The energy barriers associated to the channels from the S1

minimum return the S1-T2-ISC as most plausible path to populate the triplet manifold having
an energy barrier of 0.13 eV compared to the one of 0.18 eV for the S1-T1-ISC. The parent
meso-ethyl-BODIPY presented instead both ISC channels about 0.10 eV above the relative energy
of the S1 minimum. Finally, besides changing the PESs topology, the Br atom is expected to
increase the SOC between singlet and triplet excited states. In the case of the two compounds
we have been comparing, the SOC values rise from 0.12 to 0.41 cm−1 for the S1-T1 pair at its
crossing point and from 0.35 to 1.60 cm−1 for the S1-T2 pair at the respective ISC structure.

Considering that the brominated compound acquires 0.26 eV relaxing from the FC region to the
minimum along the S1 PES, these preliminary considerations based on static calculations and
from the comparison with previous studies123 are not sufficient to assert the actual dominant
deactivation mechanism employed by the molecule upon light absorption. Excited states molecular
dynamics simulations are the most adequate tool to discriminate among plausible relaxation
pathways of this new derivative and define the actual preferential way to populate the triplet
manifold.

A molecular dynamics study of a molecule with more than twenty atoms and that supposedly
undergoes ISC poses many limits in the choice of a suitable method. A mixed quantum-classical
approach, like the one of the SHARC method,98–100 is a good compromise between accuracy,
computational costs and flexibility. In this method all molecular degrees of freedom can be
explored thanks to the use of classical trajectories to describe the nuclear motion. Still this
motion is coupled and driven by the electronic properties of the molecule calculated on the fly at
a quantum mechanical level (see subsection 2.4.3).

The bottleneck of these simulations is the quantum chemistry. Such calculation needs to be
performed at each time step in order to determine the molecular electronic wavefunction and
its properties for the propagation of the nuclei. It is appropriate then to evaluate beforehand
the efficiency and the accuracy of possible quantum chemistry methods that can be used for
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the molecular dynamics simulations. The reference heavy-atom-free molecule from the work
of Corminboeuf and co-workers123 has also been studied with a surface-hopping code using
ADC(2)/def2-SVP to compute the electronic properties. This electronic structure method was
therefore compared to its approximated version SOS-ADC(2) that uses a spin opposite scaling
(SOS) factor to speed up the calculation.175 The downsides of ADC(2) compared to multireference
methods highlighted in section 3.1 and section 3.2 are also taken into account.

As expected the SOS version of ADC(2) is faster, computing a single point calculation in half of
the wall time of the standard version of ADC(2). In molecular dynamics, it is important that the
energy differences between points of the excited states PESs relevant for the photophysics of the
molecules are maintained by the different methods considered. As reported in section 3.1, ADC(2)
constantly underestimates the energies of the excited states of the parent BODIPY with respect
to the ones provided by the multireference methods. Nevertheless, the relative energies of the
main interstate crossings, accounting for IC and ISC processes, with respect to the S1 minimum
are similar and therefore the PESs predicted by the two computational methods run parallel one
to the other.

Exceptions were found in the parent BODIPY,176 when the GS is interacting with the excited
states in S1/S0-CIs. Therefore, in principle, ADC(2) and the multireference CASPT2//CASSCF
approach predict the same energy barriers if the relevant photochemical processes occur
in the excited states manifold only. This is the case of the selected reference molecule
(meso-ethyl-BODIPY)123 and is therefore expected for the brominated derivative 4.

When the same kind of comparison is performed using SOS-ADC(2) the excited states PESs are
no longer parallel to the multiconfigurational reference CASSCF. In Figure 3.8 (a) the case of
the most favourable S1-T2 interstate crossing is displayed. The energy difference between the
S1 minimum (1) and the interstate crossing (10) are found in agreement between CASSCF and
ADC(2), as already established for the parent compound.176 The SOS-ADC(2), which would
provide a huge advantage in terms of computational costs along the dynamics, predicts instead
an energy barrier that is twice as large with respect to the ones delivered by the other two methods.

Interestingly if one compares the two structures of the S1 minimum (1) and the S1-T2-ISC (10)
as in Figure 3.8 (b), the agreement seems to be higher among the SOS-ADC(2) in cyan and
CASSCF in pink, while the ADC(2) structures in blue present larger deviations. In particular
the bending of the scaffold and the rotation of the ethyl group in the meso position are the two
largest differences noticeable. The bending motion, which is often called butterfly-like motion,
is characteristic of BODIPYs123,124 and was found to be slightly overestimated when ADC(2) is
used to optimize the structures.176 Interestingly Figure 3.8 (b) shows that this is not the case of
SOS-ADC(2).

The situation found for the S1 and S1-T2-ISC energy difference pictured in Figure 3.8 also applies
to the relaxation of the S1 excited state from its FC value to its minimum. Again ADC(2) and
CASSCF agree in the relaxation energy predicted (around 0.20 eV), while SOS-ADC(2) provides
a relaxation energy of only 0.12 eV. These considerations and the desire to compare the excited
states dynamics of this compound to its progenitor, led the selection of the ADC(2)/def2-SVP
level of theory for the electronic structure calculations along the dynamics.

Before starting the molecular dynamics it is common practice to explore the excited states PESs
of the molecule with a static approach. Such study allows to formulate initial hypothesis on the
plausible evolution of the excited states population once the molecule has absorbed light. The
main critical points for photophysical processes have been optimized and connected by means of
interpolated geometries as showed by Figure 3.9. The energies relative to the S0 minimum of the
three lower excited states of both singlet and triplet multiplicities have been calculated at each of
the geometries and delineate the topology of the excited states PESs reported in Figure 3.9.
From Figure 3.9 two main channels to populate the triplet manifold are identified. Both of them
start with an ISC process involving the S1 state and either the T1 or the T2 triplet excited states,
so that the two channels are labelled as T1 and T2 channel respectively. The comparison of these
two channels indicates that the T2 channel should be the preferential path to populate the triplet
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Figure 3.8: (a) T1, S1 and T2 relative energies computed at the interpolated geometries between
the S1 minimum 1 and the S1-T2-ISC point 10 using CASSCF(8,7) in pink, ADC(2) in blue and
SOS-ADC(2) in cyan. (b) Overlap of the S1 minimum 1 and the S1-T2-ISC point 10 structures
optimized with the three methods.

manifold for several reasons. Starting from the S1 minimum, the population can reach the ISC
point involving the T2 state with an energy barrier that is smaller with respect to the one found
to reach the S1-T1 ISC funnel, as reported in Figure 3.9. Moreover, once moved into the triplet
manifold, if the T2 state is populated the T1 minimum can be easily reached through a T2/T1-CI.
On the contrary, if the T1 channel is employed, the population in the T1 would have to overcome a
barrier to reach the triplet state minimum from the crossing point, with the risk of being returned
to the singlet manifold (see Figure 3.9). Finally, the SOCs between S1 and T2 are larger with
respect to the S1-T1 pair.

A mixed quantum-classical molecular dynamic study requires a set of initial conditions to set up
the classical trajectories and define the initial structures, velocities and active state. In this case,
these are obtained sampling from a Wigner distribution of harmonic oscillator using frequencies
and normal modes from the MP2 calculation of the vibrational GS, providing an ensemble of 1000
initial conditions. The structures have also been used to perform vertical excitations to compute
the absorption spectrum and the triplet density of states (DOS) at the FC region reported in
Figure 3.10.
Vibrational sampling further red-shifts the main absorption band with respect to the single
geometry approximation, moving the most intense absorption energy from 2.67 to 2.57 eV, which is
the centre of the low-energy band of the spectrum reported in Figure 3.10 (a). When decomposed
in the different contributions, the main absorption feature is fully accounted for by the S1 excited
state, generated by HOMO-LUMO transitions (see Figure 3.7). The excitation window selected
for the molecular dynamics initial conditions is highlighted in Figure 3.10. It is centred on the
low-energy band and includes excitations in the energy range between 2.52 and 2.62 eV. The triplet
DOS reported with the absorption spectrum in Figure 3.10 (b) shows that T2 is the triplet that
overlap the most with the main spectroscopic state; additional indication that it could be the first
to be populated through an ISC process.
From the 1000 initial conditions, using the excitation window reported in Figure 3.10, 140 were
selected to set up the trajectories for the surface hopping dynamics. As shown by the excitation
window reported in Figure 3.10, all trajectories start with the S1 state populated. Among these,
81 trajectories reached the 1 ps of propagation time without presenting problems with respect to
energy conservation or continuity of the potentials. In particular, large energy differences in the
active state potential were encountered when hops occurred between the S1 and S2 states or from
the S1 to the S0 state.

After 1 ps of simulation, from the 81 trajectories analysed, only 3 were found in the triplet
manifold whereas all the others present the S1 excited state populated. Figure 3.11 shows the
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Figure 3.9: Relative energies of the electronic states reported in the legend computed at the
interpolated geometries between the most relevant points of the PESs of the BODIPY derivative
using ADC(2)/def2-SVP. The energy barriers and SOC for the two paths to populate the triplet
manifold are also reported.

Figure 3.10: (a) Absorption spectrum decomposed in its contribution from the first three excited
states. (b) Density of states (DOS) of the first three triplet excited states reported with the
absorption spectrum. The excitation window is marked in gray.

evolution of the classical relative population of the excited states of the BODIPY derivative along
the simulation. The S1 population is almost constant during the non-adiabatic dynamics with
minor oscillations due to population exchange with the S2 state and the T2 states. The oscillations
between the two spectroscopic states S1 and S2 can be attributed to the presence of an IC channel
between the two spectroscopic states similarly to what was found for the parent BODIPY.176

The number of trajectories that actually moved to a triplet excited state is too exiguous to define
with precision time scales and rates associated to the population of the triplet manifold. Still,
from the simplest mono-exponential fit of the total population of the singlet excited states to any
of the excited states with triplet multiplicity reported in Figure 3.11, is clear that the associated
ISC process occurs with time scales ranging from tens to hundreds of ps.

From the analysis of the classical trajectories, but mostly considering the hops between the active
states, a flow of the excited states population can be extrapolated. The T1 state, which is the
one that would be responsible for the production of the cytotoxic species, is populated through
the T2 states, which receive the population from the lower lying singlet state S1. This process is
observed only in two out of the 81 trajectories that have been analysed, while a single trajectory
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Figure 3.11: Flow of the relative classical population along the simulations. The estimated rate
for the population tranfer from the singlet to the triplet manifold delivered by a mono-exponential
fit is also reported.

reports a population transfer from the S1 to the higher lying T3 state.

Due to the very limited number of trajectories that present ISC and end up in the T1 state, it is
possible and interesting to examine them individually. The two trajectories present different time
scales of the overall process if the quantum population is examined by means of the electronic
wavefunction amplitudes reported in Figure 3.12. In the first case, Figure 3.12 (a), the ISC event
occurs after 440 fs of propagation and the population is transferred to two of the MS components
of the T2 state. This state is very shortly populated before conveying its population to the lower
lying T1 state through two of its MS components. In the second case, Figure 3.12 (b), the T2 state
is populated at later simulation times, only after 940 fs. Also in this case two MS components of
the T2 state are populated but the devolution to the T1 state occurs after some oscillations taking
place in a time frame of about 30 fs. Afterwards, the same MS components of the first triplet
state are populated for the remaining time of the simulation.

Figure 3.12: Quantum amplitudes of the excited states around the moment in which the population
is transferred to the triplet manifold in the two trajectories (a,b) that reached the T1 minimum.

Both trajectories follow the predicted mechanism inferred by the static calculations reported in
Figure 3.9. After the S1-T2-ISC event takes place, the population following the T2 PES would
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fall in the corresponding minimum which coincide with a CI between the two lower lying triplets.
Here the population can be easily conveyed to the T1 state without chance of moving back to the
singlet manifold.

A structural analysis performed on the geometries of the crossing points compared to the initial
conditions confirmed that also structurally the T2 channel should be preferred. Among the
different crossing geometries, the S2/S1-CI and the S1-T2-ISC point are the two funnels with
structural parameters very similar to the ones given by the quantum sampling used for the
initial conditions. Despite being less representative, the few structures found for S1-T1 and
S1-T3 crossings present parameters that lie on either one of the two tails of the distribution
of parameters extracted from the initial condition structures. In Figure 3.13 two exemplary
structural parameters are shown to highlight the importance of asymmetric motion for the access
of several of these funnels. Large structural rearrangements were already found to provoke large
barriers in the PESs while reaching IC funnels in the study of the parent compound.176

Figure 3.13: (a,b) Distributions of the B-N bond lenghts of the geometries in which two excited
states cross. (c,d) Distributions of the C-Cmeso bond lenghts of the geometries in which two excited
states cross. The color scheme for the crossing is reported in the legend, the distribution of the
values obtained in the initial condition and the refence SMIN

0 geometry are also reported.

Despite the small percentage of trajectories in the triplet state at the end of the simulation and
the large time constant estimated for ISC events, the derivative could still deliver satisfying triplet
quantum yield in the ns regime. In Figure 3.14 an exemplary trajectory among the ones that does
not leave the spectroscopic state for the whole propagation time can be observed. In this plot
the energy of the active state has been subtracted to the relative energy of each of the electronic
states included in the dynamics. The energy of the active state, which is the S1 throughout the
whole propagation time, is in this way set to zero and the energy differences with the other states
or eventual interstate crossings are more easily individuated. For example, in the case of the
trajectory reported in Figure 3.14, eleven occasions where the lowest singlet excited state and

42



3.4. SHARC DYNAMICS ON AN SP 3 MESO-SUBSTITUTED BODIPY CARRYING AN
HEAVY ATOM

the second triplet T2 become degenerate or cross are indicated with an arrow. Simply the SOC
between these states is not large enough to induce the trajectory to follow the diabatic (triplet)
state and do not hop to continue on the singlet manifold. The presence of so many occasions to
populate the triplet manifold in a singe trajectory from a simulation of 1 ps suggests indeed that
this molecule would finally have consistent triplet quantum yields even though in the ns instead
of the ps time scale. The absence of ultrafast ISC does not hinder the use of mono-brominated
BODIPY derivatives for PDT purposes.

Figure 3.14: Relative energies of the electronic states included in the non-adiabatic molecular
dynamics simulations to which the energy of the active state has been subtracted. The color scheme
used presents the excited states with singlet multiplicity in blue, the ones with triplet multiplicity
in red and the bright states as pink/violet filled lines according to the oscillator strength value.

Stronger couplings and therefore faster population of the triplet manifold could be achieved with
the use of heavier atoms such as iodine or increasing the amount of heavy atom substituents on
the BODIPY derivative.16,37,118 Nevertheless achieving the right compromise between absorption
properties, triplet quantum yields, absence of dark toxicity and adequate chemical properties for
medical applications is a true challenge. For example the use of iodine has been shown to induce
dark toxicity or less chemically stable structures.118 In this thesis, we have also demonstrated
that the presence of aromatic substituents in the meso position can move the absorption of
BODIPYs inside the "therapeutic window". The use of such functional groups also open the
non-radiative channel between the S1 and the S0 states, if the ring is free to rotate around the
C-C bond connecting the substituent to the dipyrromethene core. The presence of an increasing
number of heavy atoms, despite increasing the SOC, can in principle also affect the topology of the
excited states PESs. For example, the introduction of more heavy atoms can drastically quench
BODIPYs fluorescence.158 The model molecule investigated in this subsection is still far from
being an adequate PS to be used in PDT. It shows, however, a promising photophysical behaviour
after excitation and could therefore be used as starting prototype for the development of more
sophisticated derivatives.

3.4.1 Computational Details

The GS minimum of the meso-ethyl-2-Br-BODIPY has been optimized with the MP2/def2-SVP
level of theory. The frequencies have also been calculated at the minimum structure using the
same level of theory. The excited states of the BODIPY derivative have been studied using first
a static approach in which also the level of theory for the electronic structure has been evaluated.
ADC(2) and its approximated version using the spin opposite scaling (SOS)175 were employed to
optimize excited states minima and interstate crossings and to compute the excited states energies
at this important points of the PES. The energies were also calculated at the cartesian coordinates
interpolated geometries, from which a cartoon of the excited states PESs of the molecule was
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drawn. In order to allow the comparison with BODIPYs previously investigated with computational
methods, also the multireference SA-CASSCF(8,7) level of theory was used and compared to the
monoreferential method ADC(2) in its standard and SOS formalism. The (8,7) AS included π
orbitals contributing to the first four lower lying excited states of both multiplicities. All these
calculations were performed using the def2-SVP basis set.157
The Wigner distribution based on the frequency calculations generated 1000 initial conditions.
These structures were used to compute the absorption spectrum based on three singlet excited
states and the DOS of the lowest three triplet excited states. The absorption spectrum and DOS
are obtained convoluting the excited states energies with gaussian functions with a full width at
half maximum of 0.20 eV. 140 of the initial conditions lying inside an excitation window of 0.1 eV,
between 2.52 and 2.62 eV, were selected to set up the classical trajectories for the surface hopping
simulation. The trajectory-based simulation had a maximum propagation time of 1 ps, using a
time step of 0.5 fs. The coefficients of the electronic wavefunction are propagated on interpolated
intermediates with a time step of 0.02 fs applying a local diabatization technique177 in combination
with the WFoverlaps code178 to compute the wavefunction overlap. The gradients of electronic
states closer in energy than 0.2 eV to the active state were calculated at each time step. An
energy-based decoherence correction with a value α = 0.1a.u. was used.103 The computation of the
SOC along the dynamics using the ADC(2) level of theory for the quantum chemistry calculation
was possible thanks to a recent implementations of this feature in the SHARC package179 and
using the Turbomole-7.0.66
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Chapter 4

Liposomal assisted delivery of
Temoporfin: towards a third
generation PS

In this chapter of the thesis, the use of assisted delivery formulations on already established
photodrugs is discussed as an alternative strategy for the development of more efficient PSs.
Second-generation PSs, as for example Temoporfin (see Figure 1.3), present the drawback of being
very hydrophobic hindering an easy administration, distribution and selective accumulation in
the diseased cells.180 Several of these problems in conventional porphyrinoid PSs can be solved
employing nano-carriers, such as liposomes, to deliver the PS to the targeted cells.28 Liposomes
are self-assembled vesicles formed by a double layer of phospholipids arranged in a spherical shape
as showed by Figure 4.1.

Figure 4.1: Schematic representation of a liposome compared to the conventional lipid double layer.

The phospholipids are pictured using a white sphere representing the polar head and yellow
lines for the polar tails. The arrangement of the phospholipids in the vesicle creates an inner
hydrophilic cavity, a hydrophobic region and a hydrophilic surface. The structure of these delivery
systems accounts for their flexibility as carriers since they can accommodate both hydrophilic
or hydrophobic drugs.40 Moreover, sophisticated carriers can be designed if the head of the
phospholipids bears functional groups that can be recognised by specific moieties expressed by
the targeted cells. Similarly the functional groups decorating the surface of the vesicles prevent
premature absorption of the liposome by the tissues or the fusion of more vesicles together. The
latter would restrain the control on the carrier composition, structure and size compromising the
stability of the pharmaceutical formulation.25,40

It is expected that the presence of the drug among the phospholipids would affect the formation
of the vesicle and its structure. The motion of the lipids and the flexibility of the liposome could
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be influenced by actual interactions among the lipids and the drug molecules. In the case of
Temoporfin, the different fluidity of the vesicles depending on the molecular composition has been
shown experimentally with differential scanning calorimetry measurements, observing the changes
in the phase transition temperature of the lipid bilayer. The presence of the drug influences the
lipids freedom of motion according to the amount of Temoporfin incorporated and the molecular
composition of the liposome.45,46

The loading capacity of the carrier, i.e., the amount of drug the vesicle is able to embody, is also
determined by inter-molecular interactions engaged by the drug with the carrier material. These
interactions are also responsible for the drug release mechanism.47

In the case of Temoporfin a liposomal formulation has shown29 several advantages:

• The PS is easily administrated to the patient without waste of PSs due to precipitation at
the moment of injection.

• The monomeric form of Temoporfin is assured. Dimers or higher aggregates are less
photo-active with respect to the isolated PS.25–27

• There is an increased chemical selectivity towards the tumour cells and a more efficient
distribution of the PS inside the cells resulting in higher yields of cytotoxic species.30,31,181

• With respect to the current formulation of Temoporfin, with the use of liposomes, the patients
show less and less persistent photosensibility after the treatment.4,30

In this thesis, the atomic resolution provided by classical molecular dynamics simulations has
been exploited to identify and analyse the interactions between Temoporfin and the phospholipids
in a model liposome resembling an experimental molecular composition.46

Afterwards, the delivery of one photosensitive molecule from the vesicle to a cellular membrane has
been simulated using the umbrella sampling method (see subsection 2.4.2). From this simulation
the critical points in the delivery process along the reaction coordinate, e.g., the transient structure
and the product minimum, have been identified. The inter-molecular interactions responsible
for the obtained free-energy profile and associated energy barrier have been qualitatively estimated.

As a final step, the effect of the hydrophobic environment of the membrane on the PS excited states
of singlet and triplet multiplicity has been considered with an electrostatic embedding QM/MM
scheme. The absorption properties and the triplet excited states energies have been compared
to the absorption and triplet DOS calculated in methanol. This media, was used to identify the
most reliable sampling method able to generate the ensemble of structures necessary to calculate
the excited states QM/MM calculations. A study on the performance of different QM/Classical
methods to predict absorption energies in solution is also reported in this chapter.

4.1 Molecular dynamics of a liposomal formulation of
Temoporfin

All-atoms simulations of liposomes are seldom encountered in the literature, as soft materials
are usually modelled with coarse-grained approaches, in which the phospholipids are divided
into several beads that group several atoms together.182 Coarse grained methods are generally
suitable for the study of macroscopic structural and dynamical properties of the vesicles.183–185
If though inter-molecular interactions among the components of the carrier are investigated
atomistic resolution is required. Such imposition reflects on the cost of the simulation and limits
the attainable size of the model vesicle. Reducing the size of the model liposome in molecular
dynamics simulations brings up other complications. It is unlikely in fact that very small vesicles
converge to a steady state.186,187 This problem is already encountered when liposomes with
diameter of about 20-30 nm are simulated with coarse grain methods for which the equilibrated
structure can be reached only after very long simulations (several dozens of µs).186,188 Time scales
of this order of magnitude are not affordable for system of this size when using all-atom models.
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The model liposome used in this thesis has a radius of 6.3 nm, see Figure 4.2. Its
size is only half of the size of the coarse-grained models usually adopted183 and it
is ten times smaller with respect to the carriers used experimentally. The molecular
composition, a mixture of 1,2-di-palmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-dipalmitoyl-sn-glycero-3-phosphorylglycerol sodium salt (DPPG) with a ratio of DPPC/DPPG
of 9:1(w/w) and with a molar ratio of lipids/Temoporfin of 12:1, reflects the experimental one.46

A structural quasi-equilibration of the model system was defined according to two parameters
that have been monitored along the MD simulations: the first one is the area per lipid (AL) and
the second one is the hydration number, defined by the number of water molecules interacting
with each lipid polar head. Intermolecular interactions with the surrounding solvent determine
the structural properties of the bilayer; therefore, the first shell of solvation is also correlated to
the AL.189 Among the different parameters that can be monitored when simulating lipid bilayers,
the AL and the hydration number were proven to be the slowest ones to converge to a steady
value.190

In Figure 4.2 the surfaces defined by the phospholipids polar heads belonging to the two layers are
highlighted with blue and red spheres for the inner and outer surface respectively. The AL was
calculated dividing the areas of these two surfaces by the number of lipids NL that are forming
each of the two layers using the following expression

ALin/out
= (4π〈r(in/out)〉2)/NL(in/out)

(4.1)

Figure 4.2: Model liposome with the inner and outer surfaces highlighted with blue and red spheres
respectively. Values of the inner and outer AL together with the hydration number computed along
the simulations in the NVT and NPT ensembles and used to define the convergence to a meta-stable
conformation. Source: M. De Vetta, L. González, J.J. Nogueira, Hydrogen Bonding Regulates the
Rigidity of Liposome-Encapsulated Chlorin Photosensitizers, ChemistryOpen. 7 (2018) 475–483.
doi:10.1002/open.201800050.

Both the AL and the hydration number in Figure 4.2 show strong oscillations in the first
nanoseconds of the molecular dynamics. These oscillations were anticipated because the NVT
ensemble (in which number of particles, volume and temperature are constant) is adopted for the
heating of the system from a temperature of 0 K until it reaches a more natural temperature of 300
K. The heating procedure was performed in three steps of 1 ns each, increasing the temperature of
100 K at a time, followed by an additional fourth step of 1 ns at constant temperature of 300 K.

The AL of the outer layer reaches a value of 1.02 nm2 after 20 ns in the isobaric-isothermal
ensemble (NPT) and remains stable throughout the rest of the simulation time. The inner value
of the AL stabilizes around 0.4 nm2 also in the first part of the NPT simulation. However its
value increases in the last part of the simulation getting to 0.49 nm2. The minor stability of the
inner layer of lipids is ascribed to the strong curvature effects arising from the small size of the
model, constricting in particular the phospholipids of the inner shell to be unnaturally close to
each other.186 The hydration number also stabilizes to a value of 1.52 water molecules after 20 ns
in the NPT ensemble. Therefore, the vesicle was considered meta-stable after an initial simulation
of 4 ns in the NVT ensemble and 20 ns in the NPT ensemble. The subsequent 80 ns of the NPT
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simulation have been used for the analysis reported below.

To account for the influence of the drug on the mobility of the phopholipids and consequently on
the flexibility of the carrier we have computed the root mean square displacement (RMSD) of the
lipid and drug residues during the simulation. From the RMSD values is possible to derive the
diffusion coefficient of the phopholipids using the Einstein relation191,192

MSD = 6Dt (4.2)

where MSD is the mean square displacement, D the diffusion coefficient and t the simulation time.

The RMSD of the lipids was computed in several regions of the liposome defined by increasing
distances from Temoporfin molecules, spanning from 2Å up to 10Å. The diffusion coefficient D
increases for residues that are farther from a drug molecule until it converges to 0.01Å2

ps−1 at a
distance of 5Å. The closer the lipid residues are found to the drug, the strongest is the restrain
on their mobility. This relation suggests that a short-range inter-molecular interaction is present
between the drug and the carrier material.

To further investigate the nature of this interaction, the RMSD was computed for the lipid polar
heads and hydrophobic tails separately at the two extremes of distance values: 2 and 10Å. As
visible in Figure 4.3, the motion of the polar heads and drug residues is coupled at short distances,
whereas the lipid tails show more freedom of motion. On the contrary, at large distances from any
Temoporfin molecule the head and tail of the phospholipds move together while the drug motion
is decoupled.

Figure 4.3: Root mean squared displacement (RMSD) of the head (red) and tail (blue) residues
of the phopholipids and the drug molecules (in black) along the NPT simulation considering
two distance ranges from any drug residue. Source: M. De Vetta, L. González, J.J. Nogueira,
Hydrogen Bonding Regulates the Rigidity of Liposome-Encapsulated Chlorin Photosensitizers,
ChemistryOpen. 7 (2018) 475–483. doi:10.1002/open.201800050.

The results of the RMSD analysis indicate that the interaction influencing the motion of the
carrier material concern the polar part of the phopsholipids and its effect is visible only at short
distances from the drug molecules. Both these characteristics suggest the presence of a hydrogen
bond (HB) network between the drug and the phospholipids.

Three categories of HBs can be identified in the model system: (i) HBs between two drug residues,
(ii) HBs between a drug molecule and the head of a phospholipid or (iii) HBs formed by the polar
heads of two phospholipids.

Despite the HBs between two polar head residues are the most abundant among the three
categories, the most stable ones are those formed by a drug and a polar head pair as explained
below. Considering in fact the number of HBs for the three categories NHB and their resistance
along the simulation in percentage of the total simulation time, the drug-head category represented
in red in Figure 4.4 (a) dominates the right part of the x axis, reporting the highest percentages.
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The resistance in time is an indication that the HBs formed between a drug and a phospholipid are
stronger than the ones formed by a pair of drugs or phospholipids molecules. The assumption that
the HB formed by a drug and a polar head pair is supported by the distribution of the geometrical
parameters of the HBs belonging to the three categories. The two geometrical parameters, used
to evaluate the strength of the HBs, are the distance between the atoms that act as proton donor
(D) and proton acceptor (A) rDA and the angle formed by these two atoms and the hydrogen atom
itself θ(D-H-A). As showed by the distributions of the structural parameters reported in Figure 4.4
(b,c) for the three categories, the drug-head pairs have the shortest rDA bond distances and the
largest θ(D-H-A) angles.

Focusing on the red curves in Figure 4.4 (b,c), representing the head-drug pairs, the Pr(rDA)
peaks at 2.67Å but shorter distances are also present in this rather broad distribution. The
distribution of θ(D-H-A) is shifted to larger angles, and presents the main peak at 164◦. The
geometrical parameters of the other two categories of HBs present probability distributions with
less favourable values, indicating therefore weaker HBs.

The origin of the strength of the HBs belonging to the drug-head category arises from the
Temoporfin substituents. The oxygen atom that act as hydrogen donor in the drug belongs to
one of the phenolic units decorating the chlorin scaffold (see Figure 1.3). The aromatic character
and the consequent electron withdrawing effect account for the strongest hydrogen bond formed
via these groups. On the contrary, head-head interactions are established through an ethylene
glycol moiety belonging to the DPPG phospholipids. In this case there are no electronic effects
that support the HBs formed.

Figure 4.4: (a) Number of HBs for the three categories organized according to their occurence
in percentage along the NPT simulation. (b) Distribution of the acceptor-donor distance
rDA for the three HB categories. (c) Distributions of the values of the angles formed
by the acceptor-hydrogen-donor atoms θ(D-H-A) in the three categories of HBs discussed.
Source: M. De Vetta, L. González, J.J. Nogueira, Hydrogen Bonding Regulates the Rigidity
of Liposome-Encapsulated Chlorin Photosensitizers, ChemistryOpen. 7 (2018) 475–483.
doi:10.1002/open.201800050.

More details on this part of the thesis can be found in subsection A.0.4, where the publication
corresponding to this study is reprinted.

4.2 Simulated Temoporfin release from a
liposome-membrane complex using umbrella sampling

In the previous subsection HBs were found responsible for changes in the vesicle fluidity and for
the motion reduction of the lipid molecules forming the liposome. The good loading capacity
of the vesicle could also be ascribed to such interactions formed in the drug-carrier complex.
Inter-molecular interactions between the photo-drug and the carrier material are also expected to
control the delivery of the drug to the targeted cells within the assisted delivery framework. Many
mechanisms to deliver the drug by means of a liposome are possible.40 Here, the need of atomistic
resolution and the size of the system, once the liposome-membrane complex is formed, limited our
investigation to a single and simple drug release process. This would be the diffusion of the drug
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from the liposome through the cell membrane, process that is also identified as micropinocytosis.40

The simulation of the drug diffusion from the carrier allow also a clear identification of the
reaction coordinate. From the carrier-membrane complex, a molecule of Temoporfin lying inside
the liposome but directed towards the membrane was selected. The distance between the centre
of mass of that Temoporfin molecule (in orange in Figure 4.5) and the middle of the double layer
of the membrane was defined as reaction coordinate for the drug release process, as shown in
Figure 4.5.

The penetration of the membrane by the PS has been simulated using the umbrella sampling
technique (see subsection 2.4.2), an enhanced-sampling dynamics method that allow to study
processes with longer time scales than the ones unbiased standard molecular dynamics can afford
nowadays.

Figure 4.5: Liposome-membrane complex in which the carrier is adsorbed on the cell membrane
surface. The drug molecule to be transferred is highlighted in orange and the reaction coordinate,
delimited by the two black lines, is indicated by a black arrow.

The initial value of the reaction coordinate amounts to 40.50Å, which has been divided into 82
windows of 0.5Å each. A force constant of 20 kcal/(molÅ2

) was selected for the harmonic bias
potential applied in each window during the umbrella sampling simulation. The force constant
value was established inspecting the overlap of adjacent probability distributions of the system
along the reaction coordinate. Moreover, such distributions should be centred on the reference
value of the reaction coordinate for each specific window. Finally, for practical reasons the
reaction coordinate should be subdivided in the smallest number of windows possible. The force
constant value k = 20 kcal/(molÅ2

) represents the smallest value that kept the system inside the
window at the reference value of the reaction coordinate. In this way, at the end of the simulation
the unbiased potential corresponding to the process can be recovered by means of the WHAM
algorithm (see subsection 2.4.2 for more details).92

In each window a simulation in the NPT ensemble at 300 K was carried out for 20 ns. The
resulting unbiased potential is reported in black in Figure 4.6 and the energy barrier associated
to the process calculated from this curve is 77.3 kcal/mol. Such value is extremely high and does
not realistically represent the rate of the process. Moreover, the free energy associated to the
diffusion of the drug from the reactants to the products is 38.0 kcal/mol. This would mean that
also thermodynamically the penetration of the drug inside the membrane is unfavourable and
therefore, only very small amounts of drugs would reach the cytoplasm. Such situation does not
correspond to the experimental evidences reporting a sub-cellular localization of Temoporfin in
the mithocondria, Golgi apparatus and endoplasmic reticulum.2
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These large values for both the energy barrier and the free energy suggest that the reaction
coordinate selected is too simple. Other degrees of freedom exhibit very slow motion along the
drug diffusion process and should therefore be incorporated in the reaction coordinate when the
enhanced sampling is performed.193 Another alternative would be to prolong the simulation time
in each window, which would rise the computational costs consistently. In the drug penetration
process, one of the slow degrees of freedom could concern the phospholipids forming the first layer
of the membrane. These molecules have to disrupt the cooperative London forces that induce
their ordered arrangement and make room for the drug molecule penetrating the double layer
along the reaction coordinate. It is also likely that HBs have to be broken during the diffusion
process.

To enhance the sampling, the same simulations have been repeated in the 82 windows increasing
the temperature of the system to 400 K. This temperature is no longer representative of real
biological conditions but it would accelerate the motion of the lipids and therefore improve the
sampling. Indeed the simulation at higher temperature delivers an energy profile reported in red
in Figure 4.6 with an associated energy barrier of 51.4 kcal/mol. This value is still not realistic,
despite the higher temperature used for the simulation. The free energy required to go from
the reactants to the products is also smaller with respect to the value found at 300 K and is of
11.6 kcal/mol. Nevertheless, the process keeps being thermodynamically unfavourable according
to the energy profile predicted with the umbrella sampling simulation. Hidden slow degrees of
freedom are still affecting the drug penetration. The prediction of realistic values of the free
energy associated to the process would require more sophisticated techniques such as a replica
exchange umbrella sampling simulations.194,195

Despite the energy barriers delivered by the simulations are too high, both curves agree in the
location of the transient structure and the energy minimum of the products in the free-energy
profile along the reaction coordinate, reported in Figure 4.6. The transient structure associated
to the diffusion of the drug inside the double layer is found at the interface between the two polar
surfaces of the liposome and the membrane. The interface correspond to a reaction coordinate
value of 18-19Å. The products minimum of the energy profile is instead found at the reaction
coordinate value of 2Å, therefore the drug is immersed in the hydrophobic part of the double
layer. The location of the product-region minimum in this part of the membrane double layer is
in agreement with experimental results showing the predilection of Temoporfin for hydrophobic
environments.46

At the transient structure and at the minimum of the products, longer simulations of 50 ns in the
NPT ensemble and at 300 K have been launched from the last snapshot of the 20 ns trajectories
obtained in the corresponding windows at 300 K. This assured that the subsequent analysis are
performed on structures sufficiently sampled at the corresponding values of the reaction coordinate.

To investigate the origin of the energy barrier, the different interaction energies between the
moving drug and the surrounding molecules were analysed from the simulation at 300 K.
Interestingly, the total interaction energy calculated at the transient structure is larger with
respect to both the minimum in the reactants and products region. Looking at Table 4.1, the
electrostatic (Elec) contribution at the transient structure stands out with respect to the values
at the two minima. The Van der Waals forces (VdW) instead contribute to the total energy in a
similar way at the three significant conformations of the system during the drug diffusion. Still
the value of the the VdW forces is also slightly larger at the transient structure with respect
to the values at the reactants and pruducts minima, following the tendency of the electrostatic
interactions. Moreover, the interaction energies are larger at the reactants than at the products,
further indication that according to this simulation the process would be thermodynamically
unfavourable, in agreement with the free energy predicted with the umbrella sampling technique.

If the contributions to the interaction energies are subdivided according to the kind of
residue involved, at the transient structure the larger electrostatic input to the total energy is
essentially due to drug-head interactions and secondarily to drug-solvent interactions. The drug
molecule moving through the interface is in fact exposed to water molecules surrounding the
carrier-membrane complex. These are not represented in Figure 4.6 for clarity.
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Figure 4.6: Free energy profile along the reaction coordinate computed at the temperatures of
300 and 400 K with the transient structure and the products minimum distances highlighted.
The structures of the liposome-membrane complex corresponding to the minimum in the products
region and transient structure are also reported.

Table 4.1: Interaction energies of the diffusing Temoporfin molecule with the surrounding residues
at the reactants minimum, transient structure and products minimum individuated along the
reaction coordinate. The total energies (Tot) and the separated electrostatic (Elec) and Van der
Walls (VdW) contributions are reported.

Interaction energies (kcal/mol)
Reactants Min Transient Structure Products Min

Tot -120.9 -148.9 -111.0

Elec -39.7 -74.6 -31.2

VdW -81.3 -89.0 -79.8

Larger interaction energies at the transient structure with respect to the reactants and products
minima of the process are not incompatible with the presence of an energy barrier. Entropy in fact
is also relevant and since the interaction energies are larger at the transient structure, then the
entropy must be smaller, indicating a restrained freedom of motion of the system at this point of
the reaction coordinate. An HB analysis further supports the idea that the diffusion is restrained
by a barrier of entropic nature. High electrostatic interaction energies arising from the head and
solvent residues hint that the drug forms a strong HB network at the transient structure. This
would mean that at this point of the reaction coordinate the system is much more rigid with respect
to any other coordinate value. The results of the HB analysis reported in Table 4.2 confirm that
the system is indeed more rigid at the transient structure. The drug molecule at this point in
its diffusion is engaged in more and stronger HBs with respect to the initial situation inside the
carrier.
According to the data reported in Table 4.2, the number of average HBs formed by the Temoporfin
molecule at the transient structure is about the double of the ones found at the reactants minimum
of the diffusion process, when the molecule is still embedded in the carrier. Moreover, the HBs at
the transient structure appear to be stronger with respect to the one formed inside the liposome.
There are more HBs that last for longer than 20% of the total simulation time and the average
value of the distance between the acceptor and donor atoms rA-D is slightly smaller at the transient
structure.

The simulation of this process also allowed to identify the product minimum in the free energy
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Table 4.2: HB analysis performed on the diffusing drug molecule at the reactants minimum and
at the transient structure. The average number of HB (Av. NHB), the number of more persistent
HBs (Long lasting HB), the average hydrogen donor-acceptor distance (Av. rA-D) and the average
angle formed by the acceptor-hydrogen-donor atoms (Av. θ(A-H-D)) are reported.

Av. NHB Long lasting HBs Av. rA-D Av. θ(A-H-D)

Reactants Min 2.97 2 2.70Å 162.4◦

Transient Structure 4.37 5 2.68Å 162.5◦

profile inside the membrane where the drug supposedly settles for some time, before definitively
enter the cytoplasm and accumulate in the sub-cellular organelles where the cytotoxic effect have
been observed.2 It could also happen that at the moment of the light radiation the PS is still
trapped in the cell membrane depending on the drug-light interval used for the PDT treatment.
Getting across the double layer could in fact be considered as the main obstacle encountered by
the drug in its way to the targeted cells.

Therefore, it is interesting to evaluate the influence of the hydrophobic environment of the
lipids on the PS excited states responsible for the therapeutic effect. This is initiated by light
absorption from the PS and is followed by an ISC process that populates the triplet manifold. A
triplet excited state then reacts with a biological substrate or an oxygen molecule to produce the
cytotoxic species. One of the phospholipids composing the membrane double layer could serve
as electron acceptor from the PS triplet excited state or could suffer an hydrogen abstraction
reaction. In both cases a radical cytotoxic species would be formed in the membrane, leading to
its destruction and to the death of the cell. The PS lower lying excited states of both singlet and
triplet multiplicity should be therefore calculated including environmental effects.

A complex and heterogeneous media like the one of the cellular membrane is expected to be
more accurately described using QM/MM schemes rather than continuum models. In QM/MM
calculations it is essential to perform a thorough sampling of the configurational space of the
system prior to the excited states calculations. The sampling would provide the most relevant
molecular arrangement of the absorbing molecule embedded in the environment. On the contrary,
using a continuum model, the average configuration of the PS in the membrane would be
represented. Many sampling methods to generate the ensemble of geometries for the QM/MM
excited states calculations are available nowadays. According to the characteristics of the molecule
of interest and the surrounding media, the most suitable sampling approach should be selected.73,88

The next section reports two methodological studies related to the inclusion of environmental
effects in excited states calculations. First QM/Classical methods (section 2.3) are compared to
full-QM calculations of excited states energies of small organic molecules that can form HBs in
an aqueous solution. Secondly, different configurational sampling methods are used and compared
for the computation of the absorption spectrum and the triplet DOS of Temoporfin in a methanol
solution. Subsequently the established protocols will be employed to calculate the excited states
of the PS in the two different media: methanol and lipid membrane.

4.3 Absorption properties and triplet excited states energies
in solution

4.3.1 Comparison of QM/Classical methods in the prediction of
absorption energies and nπ∗ DOS in solution

In this first methodological study, the effect of the polar environment with respect to the vacuum
have been evaluated computing the absorption spectra and the nπ∗ DOS of the molecules showed
in Figure 4.7. TD-DFT in either full-QM calculations or using QM/Classical models was used
to computed the excited states energies. The three molecules selected for this study present an
heteroatom that is able to engage the surrounding water in HBs. QM/PCM and two QM/MM
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schemes, using an electrostatic (QM/MM)ee and a polarizable (QM/MM)pol embedding, were
used to predict the shifts in the excited states energies induced by the solvent. The predicted
values were compared to the shifts delivered by a full-QM treatment of the systems.

Figure 4.7: Structures of the three organic molecules for which implicit and explicit solvation
models have been compared to a full quantum mechanical calculation.

As reported in Figure 4.8 (a), a polar solvent affects the excitation energies according to the
difference of the dipole moments of the GS |i〉 and the excited state |f〉 involved in the transition.
If the dipole moment of the excited state µ|f〉 is larger with respect to the one of the GS µ|i〉, then
the presence of the solvent would decrease the excitation energy. On the contrary, the excitation
energy would be greater if the GS dipole is larger with respect to the dipole of the final excited
state. For protic solvents, the presence of an hydrogen bond (HB) between a heteroatom and a
solvent molecule would stabilize n orbitals increasing the excitation energy of nπ∗ transitions, as
pictured in Figure 4.8 (b).

Figure 4.8: (a) Schematic representation of the shifts induced by the polar solvent in the absorption
energy of a ππ∗ excitation according to the dipole moments of the initial and final electronic
state. (b) Blue-shift of the excitation energy of a nπ∗ state in the presence of a protic solvent,
in which HB formation would stabilize the n orbital. Source: Image adapted from M. De
Vetta, M.F.S.J. Menger, J.J. Nogueira, L. González, Solvent Effects on Electronically Excited
States: QM/Continuum Versus QM/Explicit Models, J. Phys. Chem. B. 122 (2018) 2975–2984.
doi:10.1021/acs.jpcb.7b12560.

Considering the absorption energies of the three molecules in water, the electrostatic considerations
concerning the dipole moments, reported in Table 4.3, would predict a blue-shift for the two lower
lying absorption bands of pyridine and tropone and a red-shift for their second absorption band,
as well as for the absorption of tropothione.
Moving from the gas-phase to the aqueous solution, the full-QM calculations deliver absorption
energies that are in agreement with the prediction based on the dipole moments of the states
involved in the electronic transitions.
The only exception is the most intense absorption band of pyridine, Band 1 in Table 4.4: this is
found red shifted compared to the absorption in vacuum whereas according to the dipole moments
a blue-shift was expected. The reason behind this red-shift is found in the orbital involved in
the ππ∗ electronic transition partially located on the N atom, which is supposed to form HBs in
water. The decomposition of this absorption band, in two bands separating the structures where
an HB with water is formed from the others, as reported in Figure 4.9, shows that most of the
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Table 4.3: Dipole moments of the GS and excited states contributing to the main absorption bands
of the three chromophores. All values reported are expressed in Debyes.

Dipole moments (D)
Pyridine Tropone Tropothione

GS 2.41 4.88 5.48

Band 1 2.15 3.55 6.26

Band 2 2.54 5.52

Table 4.4: Absorption energies (in eV) of the main absorption bands in gas phase and in solution.
For the calculations in water the full-QM results are compared to the ones delivered by the
QM/PCM, (QM/MM)ee and the (QM/MM)pol models.

Absorption energies (eV)
Gas Phase full-QM QM/PCM (QM/MM)ee (QM/MM)pol

Pyridine Band 1 5.64 5.55 5.59 5.63 5.60

Band 2 6.47 6.38 6.41 6.49 6.47

Tropone Band 1 4.01 4.18 4.17 4.24 4.24

Band 2 4.84 4.66 4.70 4.78 4.70

Tropothione Band 1 3.80 3.67 3.61 3.79 3.65

absorption band is due to molecules involved in HBs. In this case the HB stabilizes the π∗ orbital,
lowering the excitation energy and moving the absorption band to the red part of the spectrum.

According to Table 4.4, QM/PCM is able to reproduce the shifts delivered by the full-QM
calculations for the three chromophores when compared to their absorption in the gas phase. It is
interesting to notice that the red-shift of Band 1 in pyridine’s absorption spectrum is also correctly
predicted. This absorption band is strongly influenced by the presence of explicit solute-solvent
interactions, i.e. HBs, as shown in Figure 4.9. Therefore, conventionally it is expected that for
specific interactions the inclusion of explicit solvent molecule, as in QM/MM schemes, would
outperform implicit solvation models.

Slightly larger errors are found in the predicted absorption energies using the (QM/MM)ee scheme
with respect to the QM/PCM results. Mutual polarization effects, included in QM/PCM, but
not in the electrostatic embedding scheme of QM/MM calculations, are therefore more important
than explicit water molecules or thermal sampling. The latter, on the other hand, provides better
relative intensities of the absorption bands with respect to the QM/continuum model.

The polarizable embedding (QM/MM)pol includes the best features of both methods previously
discussed, i.e. thermal sampling and mutual polarization. It predicts slightly worse energies
with respect to QM/PCM but, all in all, it is the QM/Classical method that reproduced at
best the shape and the energies of the full-QM absorption spectrum for the three molecules in water.

The dark nπ∗ states are supposed to be blue-shifted when an HB is formed between the heteroatom
and a solvent molecule because of the stabilization of the n orbital, as shown by the Figure 4.8
(b). The nπ∗ DOS maxima computed with the full-QM approach and reported with a black curve
in Figure 4.10, are therefore expected to be blue-shifted in the presence of water compared to the
energy values calculated in vacuum (spectral lines in brown). The shift in energy is also correlated
with the ability of the molecule to form HBs with water and the extent of the shift increases
following the subsequent order: tropothione, pyridine and tropone. The latter presents the largest
shifts to the blue in the full-QM nπ∗ DOS (0.32 and 0.42 eV). This is because the oxygen atom of
tropone is the most electronegative heteroatom among the three molecules and assures easy and
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Figure 4.9: Lower lying absorption band (Band 1) of pyridine absorption spectrum computed with
the full-QM approach. The contributions to the absorption bands of molecules engaged or not
in hydrogen bonding are reported separately using a red and a blue line respectively. Source:
Image adapted from M. De Vetta, M.F.S.J. Menger, J.J. Nogueira, L. González, Solvent Effects
on Electronically Excited States: QM/Continuum Versus QM/Explicit Models, J. Phys. Chem.
B. 122 (2018) 2975–2984. doi:10.1021/acs.jpcb.7b12560.

rather stable interactions of the chromophore with the solvent through HBs.

To compute the energies of these dark excited states the SS formalism of QM/PCM (see
subsection 2.3.3) has been used. On the other hand, the computation of the absorption energies
with QM/PCM discussed above, i.e. the computation of the vertical excitation energies of
bright states, was performed using linear response. Again, QM/PCM (spectral lines in pink
in Figure 4.10) is notably accurate in reproducing the blue-shifts induced by the solvent and
determined by the full-QM approach.

The QM/MM scheme with the electrostatic embedding, red curve in Figure 4.10, predicts slightly
less accurate DOS maximum energies for the three molecules with respect to the QM/continuum
values. This is again an indication that mutual polarization is very important for the prediction of
accurate excited states energies. The thropothione molecule (Figure 4.10 (c)) is the chromophore
in which (QM/MM)ee presents the smallest errors. Among the three heteroatoms, sulphur forms
the weakest HBs and therefore the polarization of the solvent to account for in the computation
is minor for this molecule with respect to the others.

Finally, moving to the QM/MMpol scheme the DOS energies convoluted with a green curve in
Figure 4.10 are overestimated. This is particularly visible for tropone (Figure 4.10 (b)) and
pyridine (Figure 4.10 (a)) which are the molecules that polarize the surrounding solvent the most.

The different levels of accuracy found for the QM/Classical approaches discussed above can
be also related to the nature of the excited states. ππ∗ transitions are more affected by the
interaction of the chromophore with bulk solvent. Bulk solvation effects are better described if
mutual polarization of the two partition of the system is enforced, such as in QM/PCM or in
polarizable embedding schemes in QM/MM calculations. On the other hand, nπ∗ excited state
energies are mostly affected by specific interactions with the solvent molecules, i.e. HBs. In this
case, the polarizable embedding scheme showed that further parametrization is needed for a more
accurate description of this kind of solvent effects.

More details on this study can be found in the reprinted article in subsection A.0.1.
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Figure 4.10: Density of states of the three chromophores comparing to compare the nπ∗ energies
in the gas phase (brown spectral lines) and in water with the methods reported in the legend.
Source: Image adapted from M. De Vetta, M.F.S.J. Menger, J.J. Nogueira, L. González, Solvent
Effects on Electronically Excited States: QM/Continuum Versus QM/Explicit Models, J. Phys.
Chem. B. 122 (2018) 2975–2984. doi:10.1021/acs.jpcb.7b12560.

4.3.2 Importance of Temoporfin configurational sampling in complex
environments

Excited states calculations should generally not neglect the effect of the media in which the
chromophore is embedded when light absorption occurs.73,79,196 Different ways to account for
environmental effects to compute excited states properties, such as the absorption spectrum of a
molecule, have been described in section 2.3.

With the aim of describing the excited states of Temoporfin embedded in the membrane, here an
assessment of different methods to perform the configurational sampling necessary for QM/MM
calculations is first reported. To evaluate and establish the ensemble of structures that most
accurately predicts the absorption spectrum of Temoporfin, the theoretical spectrum computed in
methanol is compared to the one obtained experimentally. In particular the absorption energies
of the most intense Soret band and the most red-shifted Q bands have been employed as references.

In general, the configurational sampling for subsequent excited states QM/MM calculations relies
on a classical molecular dynamics simulation. From the trajectory non correlated snapshots are
extracted to represent the most important orientations and arrangements of the chromophore with
respect to the surrounding media. This approach is usually defined as thermal sampling because
each degree of freedom of the system has an energy that corresponds to the thermal energy
E = kBT . The molecular dynamic simulation is commonly performed on a classical potential
derived from a force field. The bonded interactions described rely therefore on an harmonic
approximation. Nevertheless, the non-bonded terms present in the force field expression (see
Equation 2.39) can in principle account for a certain degree of anharmonicity.

Counterpoised to thermal sampling is quantum sampling or Wigner-distribution-based sampling.
In this case the ensemble of geometries is obtained from the quantum distribution of the population
of the vibrational GS determined with a frequency calculation at the quantum mechanical level.
If the temperature is different than zero, then also excited vibrational states may be also included
in the quantum-mechanical distribution. Including temperature effects in a Wigner distribution is
especially important when the molecule presents low frequency vibrations that are easily activated
at low temperatures.94 In general when a Wigner distribution is used the degrees of freedom are
described by harmonic oscillators and each of them has its zero-point energy. Therefore such
ensemble of structures is more energetic with respect to one generated by thermal sampling.

The absorption spectrum of Temoporfin in methanol has been computed using TD-DFT
in electrostatic embedding QM/MM calculations with the range-separated xc-functional
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wB97XD184,197 using several ensembles of geometries provided by different sampling approaches.
TD-DFT is often the computational method of choice since many excited states calculations have
to be performed in QM/MM studies.

Thermal sampling obtained by a classical molecular dynamic simulation is the simplest and most
often used approach to generate the structures for the excited states calculations. In the case of
Temoporfin, the quality of the absorption spectrum obtained with this approach was poor and
presented errors of 0.52, 0.29 and 0.38 eV for the Soret band and the most red-shifted Q bands,
Q” and Q’ bands, respectively (see Figure 4.11). The large errors observed could be due to a
failure of the force field in the description of the vibrations of the Temoporfin molecule. To assess
whether this is the origin of the errors, QM(B3LYP)/MM molecular dynamics (MD) simulations
have been performed using the snapshots of the classical simulation as starting points. In
these simulations the PS is treated quantum mechanically and therefore its structural parameters
are more accurately described compared to the previous ensemble relaying on force field parameters.

From Figure 4.11, indeed the spectrum calculated on this ensemble of geometries reported in blue
shows an improvement. The Soret band is shifted by only 0.1 eV towards the experimental value
with respect to the energy obtained with the classical MD simulation. More significant are the
improvements in the prediction of the absorption energies of the low-energy bands of the spectrum
that have now errors below 0.1 eV.

Figure 4.11: Absorption spectrum of Temoporfin computed using TD-DFT QM(wB97XD)/MM
level of theory on an ensemble of geometries generated by several sampling methods reported in the
legends. Comparison of the predicted absorption values with the experimental ones are reported
for the Soret and Q bands.

The use of an hybrid method for the sampling improves the quality of the potential energy
of the system and consequently the accuracy of the extracted geometries. Two regions of the
potential in terms of nuclear coordinates, could benefit the most from the QM/MM-MD sampling.
The improvement could concern structures close to the potential minimum where the use of an
harmonic oscillator approximation is in principle valid. Alternatively, the improvement in the
spectrum could arise from a better description of anharmonicities that are important in regions
where the coordinates are far from their equilibrium value.

The discrimination between these two possible reasons for the higher quality of the absorption
spectrum can be achieved using a hybrid Wigner-MD-sampling. This hybrid approach consist
of Temoporfin geometries obtained with the Wigner sampling surrounded by a shell of explicit
solvent treated at the MM level of theory. In this case, during the classical molecular dynamics
simulations the drug was kept frozen at the Wigner geometries allowing to isolate the contribution
of the geometry of the molecule from the contributions of the solvent. The geometries obtained
with quantum sampling fully rely on harmonic oscillators so the comparison of the spectrum with
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the QM/MM-MD-based ones should point out the presence of anharmonic effects. A comparison
of the hybrid spectrum and the QM/MM-MD one established that in the case of Temoporfin
a quantum chemical description is necessary for an accurate description of the gradient of the
molecule and that no strong anharmonic effects are present. The curve reported in green in
Figure 4.11, only differs from the spectrum obtained by the QM/MM-MD structures by 0.02
eV for the Soret band and 0.06 eV for the most red-shifted Q’ band. The Q” band is no longer
identifiable in the lower region part of the spectrum obtained with the hybrid sampling technique.

Since the final aim of this study is to determine the best protocol to compute the spectra of
Temoporfin in the complex environment of the phospholipids double layer, so far only explicit
solvation and the QM/MM scheme have been considered. In solution, where bulk solvent effects
prevail, implicit solvation would in principle also provide accurate results. In order to verify
if this is the case for the Temoporfin absorption in methanol, the geometries obtained by the
Wigner distribution were used to perform excited states calculations including the solvent with
the PCM implicit model. The spectrum obtained with the implicit solvation model is reported
in Figure 4.11 in pink. Interestingly, such spectrum presents the largest errors compared to the
experimental values for both the absorption energies of the Soret and Q bands. All are blue-shifted
of about 0.2 eV with respect to the ones computed with the explicit solvation.

Therefore, the best approach to compute the absorption spectrum of Temporfin in the presence
of environment is to use explicit solvation with an electrostatic embedding QM/MM scheme for
the computation of the excited states absorption. Moreover, the ensemble of geometries used for
the excited states calculations needs to be refined at a QM/MM level, where the chromophore
is treated quantum mechanically. The QM(wB97XD)/MM@QM(B3LYP)/MM-MD absorption
spectrum reported in Figure 4.11 is the most accurate among the ensembles of geometries
considered so far.

In PDT, besides the spectroscopic states, triplet excited states play a very important role in the
overall therapeutic mechanism. Therefore, using the best ensemble of geometries established for
the absorption spectrum, the DOS of the first triplet excited state was also computed.

Surprisingly, the DOS computed presents T1 states with energies very close or below zero eV. This
non-physical result could arise from the approximation of the quantum chemistry method adopted
for computing the excited states. TD-DFT is known to present issues when spin-flip transitions
such as S0-T1 are computed.79,198,199 The choice of xc-functional also influence the accuracy of
triplet excited states energies according to the amount of exact HF exchange200 included in hybrid
xc-functionals or the use of range-separated xc-functionals.201

Given the importance of the xc-functional in DFT and TD-DFT we have repeated the sampling
and excited states calculations to compute the absorption spectrum and triplet density of states
employing the same xc-functional for both. A new ensemble of geometries is therefore obtained
from a QM(wB97XD)/MM-MD simulation. These structures have been used for the TD-DFT
calculations using the same xc-functional but a slightly larger basis set. This more coherent
approach for the sampling and the excited states calculations circumvent the problem of negative
S0-T1 transitions and preserved the quality of the absorption spectrum obtained with the previous
QM/MM-MD ensemble. More details on this benchmark study can be found in subsection A.0.5.

4.4 Temoporfin absorption properties and triplet DOS in
polar and hydrophobic media

The excited states properties of Temoporfin computed in methanol can be compared with the
ones computed in the hydrophobic environment of the cell membrane model using the sampling
approach established before. The classical molecular dynamics simulation performed at the
product minimum of the free-energy profile delivered by the umbrella sampling was used to
extract the initial ensemble of structures. According to the protocol established before, these
structures were refined with QM/MM-MD simulations in which the drug is described at DFT
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level of theory using the same xc-functional selected for the excited states calculations.

Figure 4.12: Absorption spectrum and triplet density of states of Temoporfin computed in methanol
and inside the membrane. Focus on the most red-shifted Q band is also reported for the two cases.

Figure 4.12 reveals that the effect of the environment on the absorption energies is minimal.
The energies of the Soret band and of the Q bands present an energy difference between both
environments of 0.01 and 0.02 eV respectively. The Soret band in methanol was found at 3.44 eV
while inside the lipid double layer its values is shifted to 3.43 eV. The Q’ band lies at 2.05 eV in the
hydorphobic environments while in methanol it absorbed at 2.07 eV; for the Q” band the energy
values are respectively 2.31 and 2.40 eV. Despite the strong resemblance of the two absorption
spectra, focusing on the low energy part, Figure 4.12 shows that there are some small differences
in the two environments. The second band at low energies is well identifiable in the case of
absorption in methanol and lies at 2.40 eV. In the hydrophobic environment of the membrane the
two low energy bands become broader and coalesce making the distinction between the two bands
less straightforward.

Excited states with triplet multiplicities are also not influenced by the different surrounding
media; therefore, the DOS of the lowest lying triplet excited states reported in Figure 4.12 also
shows differences of about 0.02 eV. More differences are found for the two low-lying triplet states
T1 and T2. In the membrane the second triplet DOS is broader showing also a second peak lying
at 1.65 eV. The T1 DOS present its centre red-shifted of 0.04 eV in the membrane, with a value of
0.89 eV compared to the one of 0.93 eV in methanol. Considering the underestimation of S0-T1

transitions by TD-DFT both situations should allow the excitation of molecular oxygen by means
of an energy transfer.

The conclusion that the environment hardly influence the properties of the excited states of
Temoporfin is also confirmed by the characterization of the excited states performed with the
TheoDORE software package202 and reported in Figure 4.13. The most red-shifted Q band (Q’ in
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Figure 4.11) is the absorption band adopted for PDT purposes because it lies inside the energetic
range defined as "therapeutic window". This band and the adjacent Q” band have been selected
to perform an exciton analysis that delivers the electron/hole population differences associated
to the excitation. The root mean squared electron-hole displacement RMS(eh) has also been
calculated for the two excitations forming the Q’ and Q” bands. Such values have been weighted
by the corresponding oscillator strength of the excitation.

Figure 4.13: Atomic electron/hole population differences associated to the two spectroscopic states
S1 and S2 of Temoporfin in the two different enviromnments. The difference from the memrane
to methanol between the two atomic electron/hole difference values is also reported. Blue and red
dots are associated to positive and negative electron/hole differences respectively. The size of the
circle is also proportional to the electron/hole difference (scale factor 4.0, the differences are scaled
of 5.0). The RMS(eh) associated to the excited states weighted by their oscillator strength is also
reported in Å together with the difference in the third column.

The analysis of the excited states reported in Figure 4.13 and specifically the third column reporting
the differences, clearly show that the environment has only minor effects on the character as well
as the energies of the excited states of this PS. The therapeutic mechanism is therefore expected
to be the same in both media and one could in principle extrapolate the properties measured in
methanol to the cell membrane environment. After light irradiation, according to the Q’ band
absorption energy, the S1 state is populated. This states can afterwards transfer its population to
a higher lying triplet, such as T3 or T4, that, according to Figure 4.12, present similar energies to
the spectroscopic state at least at the FC region. Finally, through IC the population would reach
the lowest triplet state T1 from which the reprocess that produce the cytotoxic species are initiated.
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Conclusions

The strength of PDT is the double selectivity coming from its two step mechanism: selective
accumulation of the photo-drug in the tissues and subsequent light activation. The first step is
governed by the chemical properties of the PS while the second step is related to its photophysics,
in particular light absorption and triplet quantum yields. In this thesis, theoretical modelling has
been employed to provide insight in two instances where: (i) improved photophysical properties
are sought through chemical modifications and (ii) a more efficient and targeted delivery of the
photo-drug is achieved through a liposome carrier.

In the first case (i), the excited states topology of the parent compound of BODIPYs, class of
promising novel PSs, has been studied using two established computational methods: ADC(2) and
CASPT2, the latter normally considered as "golden reference" in computational photochemistry.
ADC(2), despite its lack of non-dynamical correlation, is able to provide reasonable structures and
relative energies for excited states interstate crossings, which are important points of the PESs for
describing photochemical processes like IC and ISC. Except for S1/S0-CIs, where the error in the
relative energies is larger, ADC(2) was found to be a reliable method for the study of this class of
compounds excited states.

Thus, ADC(2) was subsequently adopted in the study of structure/property relationships,
when electron withdrawing groups are inserted as substituents in the meso position or when
heavy atoms are introduced on the scaffold to increase ISC probabilities. BODIPYs are in
fact more commonly known for their strong fluorescence, which is a competing processes of
ISC. The presence of aromatic substituents in the meso position results in a red-shift of the
main absorption feature of the derivative with respect to the parent compound, towards the
energetic range defined as "therapeutic window". Unfortunately, this type of substituent also
favours non-radiative deactivation lowering the relative energy of IC funnels identified in S1/S0-CIs.

A similar situation is found when halogen atoms are introduced as substituents of the core part
of the BODIPY derivative. Heavy halogen atoms, like bromine, are often adopted to boost triplet
quantum yields. SOCs, whose values can indicate the likeness to promote ISC, should increase if
heavy atoms are introduced as substituents. The presence of more than one Br atom though, was
found to also decrease the relative energy of S1/S0 CIs and the corresponding energy barrier to
access such funnels from the S1 minimum, compromising the advantage gained from the SOC to
favour ISC to the triplet manifold.

Combining the two type of functionalization, a model BODIPY derivative carrying a single
bromine atom on its scaffold and an alkyl substituent in the meso position was designed. The
cumulative effect of the two substituents has been studied with non-adiabatic molecular dynamics
simulations using the SHARC method. Static calculations suggested two possible pathways to
populate the triplet manifold. Performing the dynamics, the preferential way to reach the T1

minimum was established. A S1-T2 ISC event is responsible for the population of the triplet
manifold, this is though a rather slow ISC process since its rate was estimated in a range of several
dozens of ps. Afterwards, the second triplet state conveys its population to the lower lying triplet
state T1 with an ultrafast IC process.
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An improved photodynamical effect can be also pursued using assisted delivery methods (ii).
In this thesis, the drug Temoporfin and its liposomal formulation have been investigated by
means of molecular dynamics with atomistic resolution. Such simulations provided insights on
the intermolecular interactions between the drug and the carrier material, that are supposedly
responsible for the loading capacity of the vesicle and the release of the drug, when the liposome
is adsorbed on a cell membrane.

Our results showed that, HBs formed between Temoporfin and the phospholipids polar head are
stronger with respect to other categories of HBs found in the loaded liposome. This is ascribed
to the electron withdrawing effect of the aromatic ring attached to the donor atom of the drug,
which is therefore a better hydrogen donor with respect to the phopsholipids carrying instead
an ethylene glycol moiety. Such polar and short range interactions, modify the flexibility and
freedom of motion of the phospholipids and are therefore expected to also influence the drug
release through the liposome and the first layer of phospholipids forming the cell membrane.

The free energy profile associated to the drug release was determined with the umbrella sampling
technique, which allows to accelerate the dynamical simulation of a slow process along a defined
reaction coordinate. The curve of the potential provided the conformations, lying along the
reaction coordinate, that correspond to the transient structure and the minimum associated with
the drug release process that is simulated.

The inspection of the intermolecular interaction energies at the transient structure provided
an unexpected result: such interactions are found more favourable at the transient structure
with respect to the initial conformation. The origin of the energy barrier must be therefore of
entropic nature, which is also supported by the dependence of the energy barrier value with the
temperature used to run the simulation. At the transient structure, which corresponds to the
interface between the liposome and the membrane surface, the drug is engaged in many HBs with
the surrounding polar heads of the phospholipids belonging to the liposome and the membrane.
The system is therefore much more rigid at the transient structure than in any other region along
the reaction coordinate.

At the minimum in the free energy, deep in the hydrophobic part of the double layer, the excited
states of Temoporfin have been computed to determine the effect of the hydrophobic environment.
Such complex environment can only be included in the computational model explicitly, using
e.g. an electrostatic-embedding QM/MM scheme. Essential for these kind of calculations is an
accurate sampling of the configurational space of the system. A benchmark of several sampling
methods was first performed on the Temoporfin PS surrounded by explicit methanol solvent
molecules. The comparison of several combinations of quantum and thermal sampling methods
against the experimental spectrum established the best method to explore the configurational
space of this system. For Temoporfin, hybrid QM/MM-MD simulations, performed on top of
structures extracted from a previous classical MD simulation, are required to obtained accurate
absorption energies and intensities.

QM/MM-MD simulations have been used to explore the configurational space of Temoporfin in
the hydrophobic environment of the cell membrane. Such simulations provided the ensemble of
geometries for subsequent QM/MM excited states calculations. The absorption spectrum and the
triplet density of states obtained in methanol and inside the membrane are very similar in terms
of energies. Inside the membrane a broadening of the excited states distribution is appreciable.
The overlap of the excited states could result in more accessible interstate crossings, representing
important photophysical processes like IC and ISC.

In summary, computational chemistry can be a very helpful tool to assist in the design of novel
PSs or to contribute in the understanding of chemical problems related to PDT.
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Reprinted Publications

This appendix collects the reprints of the publications that have been discussed in the previous
chapters and that form part of this thesis.
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ABSTRACT: The inclusion of solvent effects in the calculation
of excited states is vital to obtain reliable absorption spectra and
density of states of solvated chromophores. Here we analyze the
performance of three classical approaches to describe aqueous
solvent in the calculation of the absorption spectra and density
of states of pyridine, tropone, and tropothione. Specifically, we
compare the results obtained from quantum mechanics/
polarizable continuum model (QM/PCM) versus quantum
mechanics/molecular mechanics (QM/MM) in its electrostatic-
embedding (QM/MMee) and polarizable-embedding (QM/
MMpol) fashions, against full-QM computations, in which the
solvent is described at the same level of theory as the
chromophore. We show that QM/PCM provides very accurate
results describing the excitation energies of ππ* and nπ* transitions, the last ones dominated by strong hydrogen-bonding effects,
for the three chromophores. The QM/MMee approach also performs very well for both types of electronic transitions, although
the description of the ππ* ones is slightly worse than that obtained from QM/PCM. The QM/MMpol approach performs as
well as QM/PCM for describing the energy of ππ* states, but it is not able to provide a satisfactory description of hydrogen-
bonding effects on the nπ* states of pyridine and tropone. The relative intensity of the absorption bands is better accounted for
by the explicit-solvent models than by the continuum-solvent approach.

1. INTRODUCTION

The study of electronically excited-state processes is a
continuous challenge for theory due to the many ingredients
that need to be included to achieve experimental accuracy.1,2

One important component in the calculation is the inclusion of
the environment. The environment can participate actively in
the excitation process3−6 or passively, by only modifying the
involved potential-energy surfaces or electronic properties of
the chromophore.7−10 In the latter case, when the electronic
excitation is only localized in the chromophore, that is, when
the electronic structure of the environment is barely affected by
the excitation process, a classical description of the environ-
ment to obtain the excited states of the full system is typically
employed.
One of the most common ways to describe solvent effects

classically is the use of continuum models.11−14 Here, the
apparent surface charge (ASC) methods, such as the polarizable
continuum model (PCM)15 and the conductor-like screening
model (COSMO),16 are the most popular ones. In many
publications the term “continuum models” is used to refer
exclusively to ASC methods, although that term is more
general, as other continuum models different from the ASC

ones exist.17,18 In the present study, we will discuss only ASC
methods, and for convenience we will also employ the term
continuum model as a synonym of a “ASC model”. Under a
continuum approach, the excited-state calculation is performed
by using a QM/continuum partition of the system, in which the
chromophore is described by a quantum mechanical (QM)
method and the solvent by a dielectric or conductor continuum
model. From the technical point of view, the ASC methods
solve the Poisson equation in terms of a boundary element
method. Accordingly, the chromophore is located into a cavity
whose surface is divided into several small surface elements
containing point charges.13 The charge distribution of the
surface of the cavity is intended to reproduce the charge
polarization distribution of the solvent. The electrostatic
interaction between the chromophore and the solvent is
represented by the interaction between the electrostatic
potential created by the chromophore and the charge
distribution of the cavity surface. Such an interaction is
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computed self-consistently so that the chromophore and the
solvent are mutually polarized. Excited-state calculations
employing a QM/continuum scheme have been performed
for a countless number of chromophores (see, e.g., ref 19),
because nowadays continuum models are very efficiently
implemented in many quantum-chemistry packages in a
black-box fashion, despite their high complexity. In addition,
since continuum models describe the solvent degrees of
freedom in an average way, configurational sampling of the
solvent is not needed. Therefore, the calculation of, for
example, the absorption spectrum of a chromophore requires
only one single-point calculation employing, usually, the
ground-state minimum-energy geometry of the chromophore.
An alternative mainstream method to describe solvent effects

is the use of quantum mechanics/molecular mechanics (QM/
MM) schemes,20,21 in which the solvent is explicitly described
by a MM force field, while the QM region comprises the
chromophore. The accuracy of QM/MM calculations largely
relies on the complexity chosen to describe the interactions
between the QM and MM regions. In the simplest approach,
the so-called QM/MM mechanical embedding, this interaction
is computed classically by a force field. However, a vertical-
energy calculation using the mechanical embedding is
equivalent to a gas-phase calculation, because force fields are
usually parametrized for the ground state, and the same
parameter values are used for the excited states. Accordingly,
the classical energy terms cancel when the vertical energy is
obtained as the energy difference between the states involved in
the excitation. A more adequate description is obtained by the
QM/MM electrostatic embedding (QM/MMee), in which the
MM fixed charges of the solvent are introduced in the
Hamiltonian of the chromophore, so that the electronic
structure of the chromophore is polarized by the charge
distribution of the solvent. A better description is usually
achieved in the QM/MM polarizable embedding schemes by
introducing a mutual polarization between the chromophore
and the solvent, where the use of polarizable force fields allows
the solvent to modify its charge distribution. One way to
include polarization in the solvent is to make use of induced
dipoles, as it is done in the QM/MMpol approach.22 Regardless
of the embedding scheme, a large number of solvent molecules
are explicitly included in all QM/MM approaches. This means
that many possible solvent configurations are energetically
accessible, and, thus, the configurational space needs to be
sampled efficiently. This is usually done by evolving classical or
QM/MM molecular dynamics (MD) simulations in advance.
After the sampling process is completed, the excited states of
the chromophore are computed for a sufficiently large number
of snapshots. As configurational sampling followed by multiple
QM/MM excited-state calculations is less straightforward and,
usually, more expensive than a geometry optimization followed
by a single-point QM/continuum calculation, QM/MM
methods are less extended than QM/continuum methods for
excited states.
When a chromophore is embedded in solvent the

chromophore/solvent interactions can be classified in two
types: (i) interactions between the chromophore and the bulk
solvent and (ii) interactions between the chromophore and
specific groups of the solvent, for example, hydrogen bonding
or stacking.23 In polar solvents, for example, water, electrostatic
interactions largely dominate both the interactions with bulk
solvent and specific interactions. Electrostatic interactions with
bulk solvent can induce red or blue shifts in the absorption

bands of the chromophore, depending on the excited-state and
the ground-state dipole moments (see Figure 1a): if the dipole

moment of a particular excited state is larger than the dipole
moment of the ground state, the excited state is energetically
stabilized with respect to the ground state when the
chromophore goes from the gas phase to solvent. As a
consequence, the vertical energy of that excited state is red-
shifted upon solvation. In contrast, when the dipole moment of
the excited state is smaller than that of the ground state, the
excitation is blue-shifted, because the energy of the excited state
increases with respect to the ground-state energy upon
solvation. All the QM/classical models mentioned above are
able to properly describe interactions with bulk solvent.
However, QM/continuum and QM/MMpol models should
provide better results than QM/MMee models, since in the
former approaches the chromophore/solvent interactions are
computed in a self-consistent manner.
In protic solvents, the most common specific interaction is

hydrogen bonding, especially when the chromophore possesses
a heteroatom in its structure. Hydrogen bonding may induce
important energy shifts in the excited states in which
heteroatoms are involved. This is the case of nπ* electronic
transitions (see Figure 1b), with the nonbonding orbital n
centered in the heteroatom. The hydrogen bond stabilizes the n
orbital, and the energy gap between that orbital and the π*
orbital increases, resulting in a blue shift of the excitation
energy. This was, for example, the case in methylene blue, when
comparing its excited states in aqueous solution against those of
the chromophore embedded in a lipid bilayer7 or intercalated in
a DNA double strand.8 In general, it is stated that continuum
models are not able to describe the effect of hydrogen bonding,
and, thus, an explicit description of the solvent, like in QM/
MM schemes, is necessary.24−27 However, QM/MM and QM/
continuum approaches are more similar than it might seem at

Figure 1. (a) Schematic representation of the red (left) or blue (right)
shift of an electronic transition depending on the relationship between
the dipole moments of the ground (μ|i⟩) and excited (μ|f⟩) states. (b)
Nonbonding orbital of pyridine centered at the N atom and schematic
representation of the blue shift of an electronic nπ* transition induced
by hydrogen bonding. Color code for atoms: N in blue, C in gray, O in
red, and H in white. (c) Chromophores theoretically investigated here:
pyridine, tropone, and tropothione.
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first glance, since in both methodologies the solvent is
described by a distribution of charges that polarizes the
electronic structure of the chromophore. In addition, as it was
pointed out by Tomasi,28 the hydrogen-bond energy is well-
described by electrostatic, exchange, and dispersion terms used
in continuum models. Therefore, there is no reason to think
that QM/MM models will perform much better than QM/
continuum models, even when hydrogen-bond interactions are
present in the system. Nevertheless, one should not forget that
even if classical models (both continuum and explicit
approaches) can provide a good description of hydrogen-
bonding effects, they are not capable of describing the hydrogen
bond itself because, besides the electrostatic interactions that
are well-described by classical models, hydrogen bonds also
present quantum features. For example, it is well-known that an
important energetic contribution to the hydrogen-bond energy
is associated with charge transfer.29 This charge transfer mainly
involves electron transfer from the lone pair of the hydrogen-
acceptor heteroatom to the σ-antibonding orbital in which the
hydrogen atom is involved. Since classical models do not
explicitly describe the electronic structure of the solvent, this
electron transfer from the chromophore to the solvent or vice
versa is missing.
In this paper, we want to challenge several QM/classical

schemes, namely, QM/continuum, QM/MMee, and QM/
MMpol to describe the effect of bulk solvent and hydrogen
bonding on systems possessing a heteroatom and therefore
forming hydrogen bonds with water molecules. Specifically, we
shall examine the electronically excited states of the
chromophores pyridine, tropone, and tropothione (Figure
1c). The deficiencies and strengths of the three classical
approaches will be discussed by comparing full quantum
mechanical calculations, which consider explicit solvent
molecules at the same quantum mechanical level as the
chromophore, with the results of the three QM/continuum
models chosen.

2. COMPUTATIONAL METHODS
2.1. Gas-Phase Excited-State Calculations. As the main

goal of this work is to investigate solvent effects on the
electronically excited states of different chromophores, the first
step is to compute the excitation energies of the chromophores
in the gas phase. All quantum mechanical calculations were
performed by the Gaussian09 package.30 The ground-state
geometry of pyridine, tropone, and tropothione was optimized
in the gas phase at density-functional theory (DFT) level using
the CAM-B3LYP functional31 and the 6-31+G* basis set. Then,
the excitation energies of the eight lowest-energy singlet states
were computed by time-dependent DFT (TD-DFT) with the
same functional and basis set. Note that our goal is to compare
the excitation energies of different QM/classical schemes and
not to obtain the most accurate description of the excited
states. Therefore, we employed a reasonable level of theory but
without benchmarking it by comparison with higher-level
calculations or experiment.
2.2. QM/PCM Excited-State Calculations. In the second

step, the vertical-excitation energies of the eight lowest-energy
singlet states are computed in water by using the integral-
equation formalism of the polarizable-continuum model (IEF-
PCM)13 to describe the solvent. The linear response (LR)
formulation of PCM/TD-DFT, in which the excitation energies
are directly computed,32 was employed to compute the bright
ππ* states. In the LR approach, the solvent polarization

response to the excitation is computed from the transition
density. Therefore, this formulation provides accurate results
for bright states, but it fails when describing dark states, whose
transition density is nearly zero. To overcome this drawback
different state-specific (SS) formulations have been developed
in the last years,33−36 and detailed comparisons between the
performances of the different models have been per-
formed.37−40 In the present work, the dark nπ* states were
computed using the extensively used and validated SS
formulation developed by Improta and co-workers,33,34 in
which the solvent polarization response depends on the
difference of the electron densities between the initial and
final states. One should, however, note that this formulation has
previously shown instabilities in the computation of electroni-
cally excited states that involve a substantial electron density
arrangement as, for example, in charge-transfer states.41,42

However, this is not the case for the dark nπ* states of the
three chromophores investigated here, and the use of the
approach developed by Improta and co-workers is well-justified.
The calculations of the excitation energies were performed in

the nonequilibrium regime, in which the electronic (fast)
degrees of freedom of the solvent are in equilibrium with the
excited-state electronic density of the chromophore, while the
nuclear (slow) degrees of freedom of the solvent are in
equilibrium with the ground-state electronic density of the
chromophore. The slow and fast responses of the solvent are
governed by the static dielectric constant ϵ and the dielectric
constant at optical frequency ϵopt, respectively.

13 The default
values for water of 78.353 for ϵ and 1.778 for ϵopt were used. An
additional parameter that is necessary to choose in PCM
calculations is the atomic radii, which define the cavity surface,
where the charges of the solvent that interact with the solute
are located. It has been shown that excitation energies are very
sensitive to the cavity size.43 Two different sets of radii, namely,
Universal Force Field (UFF) and Bondi radii, were employed
to investigate the effect of the size of the cavity on the
excitation energies of the chromophores. UFF radii (default
radii in Gaussian09) are larger than the Bondi ones; specifically,
the Bondi radii for the C, N, O, S, and H atoms are 1.70, 1.55,
1.52, 1.80, and 1.20 Å, and the UFF values are 1.92, 1.83, 1.75,
2.02, and 1.44 Å. As can be seen, the radius values differ
significantly, and, thus, a large impact on the excitation energies
might be expected. When solving the electrostatic equations in
the PCM procedure, the cavity is scaled by an empirical factor
α. The default value in Gaussian09 of 1.1 was used for both sets
of radii. To investigate solely solvent effects on the excitation
energies when comparing gas-phase with QM/PCM calcu-
lations, the gas-phase optimized geometry was used for the
PCM computations. In this way, energy shifts induced by
geometrical modifications of the chromophore are removed,
and a direct analysis on solvent effects is possible.

2.3. QM/MMee and QM/MMpol Excited-State Calcu-
lations. The excitation energies were also computed using the
QM/MMee and QM/MMpol schemes. In these two
approaches explicit solvent molecules are introduced in the
model, while the PCM method considers the solvent degrees of
freedom in an average way. To compare the results from QM/
MM with the ones from QM/PCM, the position of the water
molecules in the explicit models needs to be efficiently sampled
to obtain also an average picture of the solvent and not only
one or few arbitrary solvent geometrical configurations. The
solvent degrees of freedom were sampled by running classical
MD simulations. First, the gas-phase optimized geometries of
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pyridine, tropone, and tropothione were solvated by a periodic
truncated octahedral box of water molecules extended to a
distance of 14 Å from any solute atom by the leap module of
AmberTools17.44 Then, the solvated chromophores were
heated to 300 K at constant volume (NVT), using the
Berendsen thermostat with a time constant for the bath
coupling of 0.5 ps−1, for 50 ps with a time step of 1 fs. Once the
system was at 300 K, the density of the solvent was equilibrated
at constant pressure (NPT) during a 2 ns simulation with a
time step of 2 fs. The Berendsen barostat with a pressure
relaxation time of 2 ps was used to maintain a pressure of 1 bar.
The Coulomb and van der Waals interactions were truncated at
10 Å, and the particle mesh Ewald method45 was employed to
calculate the Coulomb interactions. The bond distances
involving H atoms were restrained by the SHAKE algorithm.46

The chromophores were described by the General Amber
Force Field (GAFF) for organic molecules,47 and the water
molecules were described by the TIP3P force field.48 The
geometry of the chromophores was frozen during the MD
simulations, so that alterations in the excitation energies due to
the vibrational motion of the chromophore are eliminated, and,
thus, the comparison between the QM/MM and QM/PCM
schemes provides energy differences that are exclusively caused
by the use of different solvent models. All classical MD
simulations were performed using the sander module
implemented in the Amber16 program.44

Once the thermal MD ensembles are obtained, 100
equidistant snapshots from the last 1 ns of the trajectories are
selected for each chromophore. Then, the eight lowest-lying
electronically singlet excited states for each of the 100
snapshots for the three chromophores are computed by the
QM/MMee and QM/MMpol schemes. The chromophores are
included in the QM region and described at the same level of
theory as in the gas-phase and QM/PCM excited-state
calculations. In the QM/MMee scheme the atomic point
charges of the water molecules are included in the Hamiltonian
of the QM region. This means that the charges of the solvent,
which were taken from the TIP3P force field, polarize the
electronic density of the chromophore, but the solvent does not
respond to the changes in the electronic structure of the
chromophore. In the QM/MMpol scheme not only the QM
region is polarized by the MM region but also the MM region is
polarized by the QM region. Such a mutual polarization is
described here by using the QM/MMpol approach developed
by Mennucci and co-workers.22,49 In this approach, in addition
to the electrostatic interaction between the fixed charges of the
environment and the electronic density of the chromophore,
which is also present in QM/MMee, there is also interaction
between induced dipole moments of the MM region and the
electric field produced by the QM region. Since the induced
dipole moments of the MM region depend on the electric field
of the QM region and vice versa, the computation of the
mutual polarization is performed in a self-consistent manner.
These calculations employed the isotropic polarizabilities
derived from the Thole linear screening model50,51 (listed in
Table 3 of ref 42 as AL polarizabilities) to compute the induced
dipoles. The point charges were taken from ref 52, where they
were computed at MP2/6-311++G(d,p) level of theory for the
TIP3P geometry. Similar to QM/PCM, the QM/MMpol
computations for the bright ππ* states have been performed
using the LR formalism, while the computations for the dark
nπ* electronic states have been performed using the corrected
LR (cLR) method,35 which is able to describe the SS solvent

response by using a LR approximation. In this case we did not
use the SS approach developed by Improta and co-workers,33,34

as in the PCM calculations, because that methodology is not
implemented in the version of Gaussian0953 employed here.
However, as mentioned above, the dark nπ* electronic states of
pyridine, tropone, and tropothione do not involve a strong
modification of the electronic density, and, thus, both SS
methodologies should provide very similar results.
To obtain the absorption spectra of the three chromophores,

the resulting excitation energies for the 100 geometries were
convoluted with Gaussian functions with full width at half-
maximum of 0.20 eV. The heights of the Gaussian functions are
proportional to the oscillator strengths of the electronically
excited states. Then, the most intense band is scaled to unity,
and the other bands are scaled by the same factor. In addition,
we also computed the density of states (DOS) for the
electronic states dominated by nπ* transitions, which are the
states that present a larger shift due to hydrogen bonding. As
we have computed eight excited states for 100 geometries for
each of the three chromophores, it means a total of 2400 states
to analyze to identify the nπ* states. This was done
automatically by analyzing the electronic transition density
using the TheoDORE package.54−56 Specifically, the two
lowest-energy states dominated by nπ* transitions were
identified as the two states with the largest hole population at
the heteroatom (N for pyridine, O for tropone, and S for
tropothione). Then, the DOS were obtained by convoluting the
energies of nπ* states with Gaussian functions with full width at
half-maximum of 0.20 eV and height equal to unity.

2.4. Full-QM Excited-State Calculations. As a bench-
mark, a more accurate model describing the solvent molecules
than the different QM/classical schemes is required. An
obvious choice would be to describe the solvent molecules at
the same level of theory as the chromophore. However, as the
investigated systems contain ∼1000 water molecules, it is
computationally unfeasible to treat all of them at TD-DFT level
for 100 geometries. Instead, we selected a smaller amount of
solvent molecules to calculate the absorption spectra and the
DOS. The number of solvent molecules needed to obtain
converged excited-state energies was selected using the
following procedure. First, for each solvated chromophore,
two different snapshots were chosen: one where the
chromophore undergoes hydrogen bonding with one solvent
molecule and one without. We consider a hydrogen bond
formed when the separation between the hydrogen acceptor
(the heteroatom of the chromophore) and the hydrogen donor
(the O atom of water) is smaller than 3.5 Å and the angle
formed by the hydrogen donor, hydrogen atom, and hydrogen
acceptor is larger than 135°. The hydrogen-bond analysis was
performed by the CPPTRAJ program.57 Then, for each of the
two snapshots the eight lowest-energy singlet excited states
were computed by including the N closest water molecules,
while the remaining water molecules were removed. For
pyridine and tropone N goes from 0 (gas phase) to 70, and for
tropothione it goes from 0 to 100. Figure 2 displays the energy
variation of the brightest ππ* state and the two lowest nπ*
states with N. The involved π and n orbitals are shown in
Figure 3. As can be seen, the excitation energies of the three
investigated states exhibit strong oscillations for small N values,
but they are converged after including 40 water molecules for
pyridine and tropone and 80 water molecules for tropothione.
Accordingly, the same 100 snapshots employed for the QM/

MM calculations were selected, and for each, the eight lowest-
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energy singlet states were computed including the closest 40
water molecules for pyridine and tropone and the closest 80
water molecules for tropothione. The remaining water
molecules were removed from the system. Hereinafter, we
shall refer to this approach as the full-QM approach. The
absorption spectrum and the DOS for the nπ* states were
obtained by convoluting the excitation energies as explained in
Section 2.3. For a few particular geometries, we noticed that
charge-transfer states, in which an electron is transferred from
the chromophore to the solvent, lie low in energy. This is not
surprising, considering that TD-DFT usually underestimates
the energy of charge-transfer states, even with a range-separated
functional, as the one used here.58 It is not the scope of this
study to investigate whether the energies of these charge-
transfer states are accurate or whether they are underestimated
by the functional. Since the classical QM/PCM and QM/MM
approaches that we shall compare below are not able to
describe charge-transfer states between the chromophore and
solvent, they have not been considered in the convolution of
the excitation energies to obtain the full-QM absorption spectra
and DOS. To identify the charge-transfer states, each system is
divided in two fragments: the chromophore and the solvent.
Then, the charge-transfer number between fragments, which
provides the fraction of electron that is transferred between the
chromophore and the solvent, is computed from the transition
density using the TheoDORE package.54−56 Those states

whose charge-transfer number is larger than 0.2 were not
considered in the analysis.

3. RESULTS AND DISCUSSION
In this section the excited-state calculations for pyridine,
tropone, and tropothione performed in the gas phase and with
the different solvent models will be analyzed. First, solvation
effects on the excitation energies will be discussed based on the
comparison between the gas-phase vertical energies and the
full-QM absorption and DOS bands. Second, the QM/PCM
vertical energies will be compared with the full-QM bands to
investigate the performance of the continuum approach. In
addition, the consequences of using several atomic radius values
in PCM will be evaluated. Then, the explicit solvation models,
namely, QM/MMee and QM/MMpol, will be compared with
the full-QM and QM/PCM results. This comparison will allow
us to discuss whether the introduction of explicit water
molecules and thermal sampling improves the results with
respect to the average solvent configuration provided by PCM.
Finally, the comparison between the QM/MMee and QM/
MMpol bands will reveal the importance of including
polarization in the solvent. The analyses will be performed
for the absorption spectra (bright ππ* transitions) in Section
3.1 and for the DOS for nπ* transitions in Section 3.2.

3.1. Absorption Spectrum. Gas-phase and QM/PCM
vertical energies together with the full-QM, QM/MMee, and
QM/MMpol absorption spectra are plotted in Figure 4 for the
three chromophores and energies at the absorption maxima,
and the absolute (unsigned) errors with respect to the full-QM
computations are listed in Table 1. When comparing the gas-

Figure 2. Variation of the excited-state energies of the brightest ππ*
state and the two lowest-energy nπ* states with the number of water
molecules described at the same level of theory as the chromophores:
pyridine (a, b), tropone (c, d), and tropothione (e, f). Two different
snapshots, one that presents hydrogen bonding between the
chromophore and solvent (a, c, e) and other that does not (b, d, f),
were selected. The involved π and n orbitals are shown in Figure 3.

Figure 3. Orbitals involved in the brightest ππ* electronic state and in
the two lowest-energy nπ* states of pyridine, tropone, and
tropothione.
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phase vertical energies with the full-QM absorption bands one
can see that, for pyridine (Figure 4a) and tropothione (Figure
4d), the bands are red-shifted when going from the gas phase to
solvent. The red shift is 0.09 eV for both bands of pyridine and
0.13 eV for the absorption band of tropothione. As discussed in
Section 1, based only on simple electrostatic-interaction criteria,
the red shift of the bands would be a consequence of the larger
dipole moments of the excited states with respect to that of the
ground state. Indeed, the dipole moments of the bright states
involved in bands 1 and 2 of pyridine are 2.15 and 2.54 D,
respectively, while it is 2.41 D for the ground state; in
tropothione, the excited-state and ground-state dipole moments
are 6.26 and 5.48 D, respectively. Therefore, the simple
electrostatic model is able to explain the red shift of band 2 of
pyridine and the band of tropothione. However, it predicts an
erroneous blue shift for the band 1 of pyridine. Understanding
the energy behavior of this band requires a more complex
analysis. The π1π1* transition (see orbitals in Figure 3)

represents the largest contribution to band 1 of pyridine. As can
be seen, the π1* molecular orbital has important contributions
from atomic orbitals centered at the N atom. Therefore, when
pyridine undergoes hydrogen bonding with the solvent, the π1*
is stabilized, and the π1π1* transition is red-shifted. This is
confirmed by decomposing the absorption spectrum into one
band coming from MD snapshots, where hydrogen bonding is
present and another band computed from the snapshots that do
not present hydrogen bonding, see Figure 4b. The total
absorption band is completely dominated by the contribution
coming from snapshots that present hydrogen bonding,
because actually, pyridine undergoes hydrogen bonding during
92% of the simulation time. The absorption band of pyridine is
red-shifted by 0.05 eV when hydrogen bond is present in
comparison with the band with no hydrogen bonding.
Therefore, although the dipole moment of the π1π1* state
(2.15 D) is smaller than the ground-state dipole moment (2.41
D), the band is red-shifted when going from the gas phase to
solution. For tropone, Figure 4c and Table 1 show that band 1
is blue-shifted (0.17 eV) and band 2 is red-shifted (0.18 eV) in
solvent with respect to the gas phase. In that case, simple
electrostatic considerations also explain the energy shifts: the
main bright states contributing to bands 1 and 2 have dipole
moments of 3.35 and 5.52 D, while the ground-state dipole
moment is 4.88 D.
From the energy values of all the classical approaches

compared with the full-QM energies in Table 1, the first general
conclusion is that all classical models reproduce correctly the
direction of the band shifts when going from the gas phase to
solvation. In the following, each of the models will be examined
in detail. We commence the discussion with the QM/PCM
vertical energies. As can be seen in Table 1 and Figure 4, PCM
provides very good results for the three chromophores with
errors ranging from 0.01 to 0.07 eV. For pyridine and tropone
the results obtained with the Bondi radii (errors ∼0.01−0.04
eV) are slightly better than the results obtained with the UFF
radii (errors ∼0.05−0.07 eV), which is the default radii in
Gaussian09. It is remarkable that PCM reproduces very well
band 1 of pyridine, despite the presence of important
hydrogen-bonding effects, as explained above. Figure 4a,c
shows that the relative intensity between the two absorption
bands in pyridine and tropone is also relatively well-reproduced
by QM/PCM, although the intensity of the less intense band is
slightly overestimated with respect to the full-QM result. In the
case of tropothione, the accuracy of the vertical energy
computed in PCM is reasonably accurate presenting an error
of 0.04 and 0.06 eV when the UFF and Bondi radii are
employed. This means that, contrary to what happens for

Figure 4. Vertical energies in the gas phase, vertical energies in water
computed by the QM/PCM approach, and absorption spectra in water
computed by the full-QM, QM/MMee, and QM/MMpol approaches
for pyridine with an inset enlarging the first absorption feature (a),
tropone (c), and tropothione (d). Two different atomic radii, namely,
UFF and Bondi radii, were used in the QM/PCM computations. (b)
The absorption spectrum of pyridine decomposed into a contribution
computed from snapshots that present hydrogen bonding (HB) and
no hydrogen bonding (no HB).

Table 1. Vertical Energies (in eV) in the Gas Phase, Vertical Energies in Water Computed by the QM/PCM Approach, and
Energy at the Absorption Maxima of the Spectra in Water Computed by the Full-QM,a QM/MMee, and QM/MMpol
Approaches for Pyridine, Tropone, and Tropothione

gas full-QM PCM (UFFb) PCM (Bondic) QM/MMee QM/MMpol

pyridine band 1 5.64 5.55 5.61 (0.06) 5.59 (0.04) 5.63 (0.08) 5.60 (0.05)
band 2 6.47 6.38 6.43 (0.05) 6.41 (0.03) 6.49 (0.11) 6.47 (0.09)

tropone band 1 4.01 4.18 4.13 (0.05) 4.17 (0.01) 4.24 (0.06) 4.24 (0.06)
band 2 4.84 4.66 4.73 (0.07) 4.70 (0.04) 4.78 (0.12) 4.70 (0.04)

tropothione band 1 3.80 3.67 3.63 (0.04) 3.61 (0.06) 3.79 (0.12) 3.65 (0.02)
average error 0.05 0.04 0.10 0.05

aAbsolute errors with respect to the full-QM maxima are given in parentheses. bUFF radii were employed in the QM/PCM computation. cBondi
radii were employed in the QM/PCM computation.
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pyridine and tropone, the use of UFF radii provides slightly
better results.
Next, we examine the absorption spectra obtained by the

QM/MMee approach. In general, the QM/MMee spectra agree
well with the full-QM spectra, although the energy errors are
∼0.05−0.10 eV larger than the QM/PCM errors for any of the
two radii. Again, it is interesting to focus on band 1 of pyridine,
which is largely influenced by hydrogen bonding. As can be
seen in Table 1, the QM/MMee error for this band is 0.08 eV,
while it is 0.06 and 0.03 eV for QM/PCM using the UFF and
Bondi radii, respectively. This means that QM/PCM
reproduces better the red shift of the band induced by
hydrogen bonding than QM/MMee does. Overall, it seems that
the mutual polarization between the chromophore and the
solvent, which is taken into account in QM/PCM, is more
important than the introduction of explicit solvent molecules
and thermal sampling to obtain accurate energies. However, the
QM/MMee approach describes better the relative intensity of
the absorption bands, as seen in Figure 4a,c. This indicates that
the introduction of thermal sampling in the theoretical model is
important to obtain a good description of the absorption
intensities.
Finally, we discuss the accuracy of the QM/MMpol scheme,

in which both mutual polarization between the chromophore
and solvent and thermal sampling are considered. As it is shown
in Figure 4 and Table 1, QM/MMpol performs better than
QM/MMee but worse than QM/PCM regarding the energy
position of the bands, with errors between 0.02 and 0.09 eV. In
addition, the relative intensities of the bands are reproduced
with the same quality as those computed with QM/MMee.
Therefore, considering both energies and intensities, QM/

MMpol provides the most accurate results among the three
QM/classical models. This is not surprising, considering that
the QM/MMpol approach combines the best features of the
QM/PCM and QM/MMee methods.

3.2. Density of States for nπ* Transitions. In the present
section the solvent effect on the excitation energies of the
electronically excited states dominated by nπ* transitions is
examined. As discussed above, it is expected that these states
present strong energy blue shifts upon solvation in protic
solvents due to the participation of the heteroatom, which is
very prone to form hydrogen bonds, in the hole-orbital
involved in the electronic transition. Indeed, this is the case for
the three chromophores investigated here, as can be seen in the
DOS bands plotted in Figure 5 and the vertical energies and
energies at the band maxima listed in Table 2. The comparison
between the gas-phase vertical energies and the DOS in water
computed by the full-QM approach shows very strong blue
shifts when going from the gas phase to solvent. Specifically, the
blue shifts of the two nπ* states are, in increasing order, 0.18
and 0.26 eV for tropothione, 0.27 and 0.30 eV for pyridine, and
0.32 and 0.42 eV for tropone. The magnitude of the energy
blue shift is in consonance with the hydrogen bond ability of
the heteroatom of the chromophore, that is, S (tropothione) <
N (pyridine) < O (tropone).
The QM/SS-PCM approach reproduces well the hydrogen-

bond-induced blue shift for the three chromophores. For
pyridine and tropone the use of Bondi radii provides smaller
errors, ranging from 0.00 to 0.10 eV, than the use of UFF radii,
with errors going from 0.09 to 0.17 eV. However, the opposite
is found for the excitation energies of tropothione, whose errors
are 0.08 and 0.04 eV for UFF radii and 0.16 and 0.13 for Bondi

Figure 5. Vertical energies of the two lowest-energy nπ* states in gas phase, vertical energies in water using the QM/PCM approach, and DOS for
nπ* states in water computed by the full-QM, QM/MMee, and QM/MMpol approaches for pyridine (a), tropone (b), and tropothione (c). Two
different atomic radii, namely, UFF and Bondi radii, were used in the QM/PCM computations.

Table 2. Vertical Energies (in eV) in the Gas Phase, Vertical Energies in Water Computed by the QM/PCM Approach, and
Energy at the Maxima of the Density of States in Water Computed by the Full-QM,a QM/MMee, and QM/MMpol Approaches
for Pyridine, Tropone, and Tropothione

gas full-QM PCM (UFFb) PCM (Bondic) QM/MMee QM/MMpol

pyridine band 1 5.12 5.35 5.22 (0.13) 5.28 (0.07) 5.44 (0.09) 5.54 (0.21)
band 2 5.48 5.78 5.61 (0.17) 5.68 (0.10) 5.89 (0.11) 5.90 (0.12)

tropone band 1 3.97 4.29 4.20 (0.09) 4.29 (0.00) 4.36 (0.07) 4.39 (0.10)
band 2 4.22 4.64 4.50 (0.14) 4.61 (0.03) 4.71 (0.07) 4.74 (0.10)

tropothione band 1 2.36 2.54 2.62 (0.08) 2.70 (0.16) 2.54 (0.00) 2.56 (0.02)
band 2 3.22 3.48 3.52 (0.04) 3.61 (0.13) 3.46 (0.02) 3.45 (0.03)

average error 0.11 0.08 0.06 0.08
aAbsolute errors with respect to the full-QM maxima are given in parentheses. bUFF radii were employed in the QM/PCM computation. cBondi
radii were employed in the QM/PCM computation.
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radii. In the case of the absorption spectra, which is dominated
by ππ* transitions, the same trend has been shown in Section
3.1, that is, the Bondi radii performs better than the UFF radii
for pyridine and tropone, while the UFF radii perform better
for tropothione. This result is discouraging, although somehow
expected, since it implies that the accuracy of excited-state
energies given by a particular set of radii depends on the
chromophore. Nevertheless, it is fair to say, although it is not
shown here, that the use of a particular force field in QM/
MMee and QM/MMpol calculations would also provide
different degrees of accuracy depending on the chromophore
investigated. Overall, one can conclude that the QM/PCM
approach provides very good results for the nπ* DOS of the
three chromophores, which are strongly influenced by hydro-
gen bonding.
The QM/MMee approach provides DOS bands in good

agreement with the full-QM computations, with errors ranging
from 0.00 to 0.11 eV. The QM/MMee errors are slightly larger
than those of QM/PCM using the Bondi radii for pyridine and
tropone. This again shows the importance of including
polarization effects to obtain accurate excited-state energies.
In the case of tropothione, QM/MMee performs much better
than QM/PCM using any of both sets of radii. Such a very
good performance of QM/MMee for tropothione, with errors
of 0.00 and 0.02 eV, could seem quite surprising. However, this
can be understood by considering that tropothione presents the
weaker hydrogen bonds of the three chromophores investigated
here, because S is less electronegative than O and N. This is
reflected in the relatively small blue shifts of 0.18 and 0.26 eV
observed for the nπ* bands when going from the gas phase to
full-QM water. Therefore, polarization of the solvent induced
by the chromophore is likely less important for tropothione
than for pyridine and tropone, and, thus, an electrostatic-
embedding scheme is accurate enough to reproduce such a
situation with small polarization effects. Finally, as seen in
Figure 5, the relative intensities provided by QM/MMee agree
very well with the full-QM intensities for the three
chromophores.
Surprisingly, the QM/MMpol approach shows worse

performance for pyridine and tropone than QM/MMee and
QM/PCM using the Bondi radii. Specifically, the QM/MMpol
computations overestimate the energy of the maxima of the
nπ* bands by 0.10−0.21 eV. In contrast, the errors of the two
bands of tropothione are very small (0.02 and 0.03 eV), as it
was also found for the QM/MMee spectra. This indicates again
that tropothione is likely the chromophore that induces the
smaller polarization in the solvent, and, thus, it is easily
described by both QM/MM approaches. The relatively bad
performance of QM/MMpol when describing the nπ* bands of
pyridine and tropone is not expected considering that QM/
MMpol described very well the absorption spectra of the three
chromophores, as shown in Section 3.1, and that it describes
explicitly solvent molecules including polarization effects. The
absorption spectra of the three chromophores is mainly
composed by states with strong ππ* character, in which the
involved orbitals are delocalized along the aromatic rings. This
type of transition is mainly affected by interactions between the
chromophore and the bulk solvent, while specific interactions
cause only minor energy alterations. In contrast, the nπ*
electronic states are strongly influenced by hydrogen bonding.
Therefore, our results suggest that the QM/MMpol method
describes properly interactions with the bulk solvent but
overestimates hydrogen-bonding effects. Thus, further para-

metrization is needed to refine the accuracy of QM/MMpol in
describing nπ* transitions in aqueous solution.
Finally, it is interesting to compare the average errors

provided by the three classical approaches for the three
chromophores in describing the energy of ππ* states (Table 1)
with those of the nπ* states (Table 2). Curiously, the QM/
MMee approach describes better the nπ* than the ππ* ones,
while the opposite is true for the QM/PCM and QM/MMpol
methods. This behavior indicates two facts: (i) Polarization
effects are more important for ππ* states, which are dominated
by interactions between the chromophores and bulk solvent,
than for nπ* states, which present important hydrogen-bonding
effects; (ii) Further parametrization of the QM/PCM and QM/
MMpol approaches is needed to describe hydrogen-bonding
effects with the same accuracy as interactions with bulk solvent.

4. CONCLUSIONS
The solvent effects on the electronically excited states of the
chromophores pyridine, tropone, and tropothione in aqueous
solution have been analyzed employing three QM/classical
schemes, namely, QM/PCM, QM/MMee, and QM/MMpol.
The absorption spectra and the nπ* DOS calculated with the
classical approaches were compared with excited-state
computations performed using a more accurate model, in
which a large number of water molecules was described at the
same level of theory as the chromophore.
The electronic transitions that mostly contribute to the

absorption spectrum of the three chromophores are ππ*
transitions. Our calculations have shown that interactions
between the chromophore and the bulk solvent induce
important energy shifts in the absorbing states, most of which
can be explained by using a simple electrostatic model that only
considers the relationship between the excited- and ground-
state dipole moments.
One of the ππ* absorption bands of pyridine shows red shift

upon solvation induced by hydrogen bonding with one water
molecule. Remarkably, in general, the QM/PCM approach
provided the most accurate results attending to excitation
energies, including that of the absorption band of pyridine that
presents important hydrogen-bonding effects. The QM/
MMpol scheme performs very similarly as QM/PCM and
better than QM/MMee, showing that the description of the
mutual polarization between the chromophore and the solvent
improves the quality of the excited-state energies of ππ* states.
Both QM/MMee and QM/MMpol reproduce better than
QM/PCM the relative intensity of the absorption bands.
Therefore, the inclusion of explicit solvent molecules and
thermal sampling is important to obtain accurate intensities.
Hydrogen bonding induces a strong blue shift in the nπ*

DOS of the systems investigated here. While QM/PCM
provided the most accurate energies for pyridine and tropone,
the excitation energies of tropothione presented larger errors,
although still showing good agreement with the full-QM bands.
In contrast, the nπ* DOS of tropothione were very well-
described by QM/MMee and QM/MMpol, indicating that the
polarization induced by the nπ* state of this chromophore in
the solvent is insignificant. The larger errors shown by QM/
MMpol in describing pyridine and tropone when compared to
QM/MMee and QM/PCM suggest that an improved para-
metrization of the QM/MMpol approach is needed to describe
hydrogen-bonding effects with better accuracy.
Overall, it is notable that the continuum model was able to

reproduce very well not only the interactions between the
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chromophore and bulk solvent but also hydrogen-bonding
effects. The use of explicit models is thus not required for
describing the effect of hydrogen bonding on excited-state
energies as it is usually stated in the literature. This is a
comforting conclusion, since QM/PCM calculations do not
require sampling of the solvent degrees of freedom followed by
hundreds of excited-state calculations, as QM/MM schemes do,
but it only requires a geometry optimization followed by a
single excited-state calculation. However, this conclusion is
valid so far for vertical-energy calculations. More complex
situations, for example, excited-state dynamics, will likely
demand the use of explicit solvent, although the good
performance of continuum models cannot be a priori ruled out.
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The Role of Electronic Triplet States and High-Lying Singlet
States in the Deactivation Mechanism of the Parent
BODIPY: An ADC(2) and CASPT2 Study
Martina De Vetta,[a, b] Leticia González,[a] and Inés Corral*[b, c]

The potential tunability of the spectroscopic properties of the

boron-dipyrromethene (BODIPY) parent dye by suitable func-

tionalization makes it attractive for a number of applications.

The intrinsic remarkable fluorescence of the parent compound,

which strongly competes with intersystem crossing to the

triplet states, can be reverted by structural tuning of the BODIPY

core, leading to BODIPY derivatives suitable for photodynamic

therapy purposes. With the perspective of rationally designing

BODIPY derivatives with enhanced intersystem crossing, the

goal of this work is two-fold: a) To investigate the main

deactivation channels of the parent BODIPY following irradi-

ation, paying particular attention to the accessibility of the

triplet-state potential energy surfaces, as well as the non-

radiative pathways involving the second brightest, most stable

singlet electronic state S2, and b) to evaluate the performance

of the computationally efficient second-order algebraic-dia-

grammatic construction scheme for the polarization propagator

(ADC(2)) against the complete active space second-order

perturbation theory (CASPT2) method. Three singlet/triplet

crossings were found, all of them with small spin�orbit

couplings, with the S1/T2 crossing being the most plausible for

the observed intersystem crossing yield. Methodologically, it is

found that the ADC(2) method qualitatively reproduces the

landscape of the potential energy profiles for the photophysical

processes investigated; however, it systematically underesti-

mates the energies of the stationary points and crossings of the

same and different multiplicity, with the largest discrepancies

found at S1/S0 crossing points. Our CASPT2 results provide a

comprehensive picture of the landscape of the excited-state

potential energy surfaces of the parent BODIPY that might serve

as a basis for the rational design of photosensitizers with a

particular photophysical profile.

1. Introduction

BODIPY or boron-dipyrromethene dye (4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene; Scheme 1) is probably one of the dyes

with the widest application scope. The origin of its exquisite

versatility relies on its endless possibilities of functionalization,

which allow modulating its electronic structure and thus tuning

its photophysical properties (absorption and emission maxima,

fluorescence and/or triplet quantum yields) or optimizing its

macromolecular chemical properties for a particular purpose

(i. e. solubility, etc).

For example, derivatization of the parent BODIPY with bulky

hydrocarbon chains,[1] such as acetoxypropyl or polymerizable methacryloyloxypropyl groups at positions 2 (and 6),[2] see

Scheme 1 for atom numbering, results in more efficient and

photostable solid- and liquid-state lasers dyes compared to the

parent compound or the reference dye PM567, substituted in 2

and 6 positions with ethyl groups. Introducing methyliodoace-

tamide groups in the BODIPY core has led to the synthesis of

fluorophores that accomplish the 3D mapping of proteins,

through the monitoring of donor-donor energy migration.[3]

The ability to modulate BODIPYs’ fluorescence upon functional-

ization has also been exploited for the design of efficient

chemical sensors with applications in analytical, clinical or

environmental sciences.[4] Thus, the incorporation of an electron

donor moiety along the BODIPY core is the basis of BODIPY pH

and cation sensors. In the case of pH sensors, the absorption of

a photon triggers an electron transfer process between the

substituent and the excited BODIPY core that quenches the

[a] M. De Vetta, Prof. Dr. L. Gonz�lez
Institute of Theoretical Chemistry
Faculty of Chemistry
University of Vienna
W�hringer Str. 17, A-1090 Wien (Austria)

[b] M. De Vetta, Dr. I. Corral
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Universidad Aut�noma de Madrid
C/ Francisco Tom�s y Valiente 7, 28049 Cantoblanco Madrid (Spain)
E-mail: ines.corral@uam.es

[c] Dr. I. Corral
IADCHEM. Institute for Advanced Research in Chemistry
Universidad Aut�noma de Madrid
C/ Francisco Tom�s y Valiente 7, 28049 Cantoblanco Madrid (Spain)

Supporting information for this article is available on the WWW under
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chemistry

Scheme 1. Structure of the parent BODIPY with atom numbering.
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fluorescence of the dye. At low pH values, however, BODIPY

recovers its normal fluorescence, following the protonation of

the electron donor group. As for the cation sensors, the

donating group is usually incorporated in a size-selective

macrocycle. The coordination of a cation to the macrocycle, in

this case, decreases the redox potential of the electron-

donating group allowing the recovery of the inherent photo-

physical properties of the dye. Following similar design

principles, BODIPYs have been also utilized as antenna systems

with attractive applications in the field of optoelectronics.[5,6]

For instance, when electron donor substituents, either fully

organic such as (2,4,5-trimethoxybencene)[7] or iminofullerene,[8]

or organometallic, such as ferrocene,[9] are incorporated in the

BODIPY core, relatively long-lived charge transfer states are

generated, which are useful as photosynthetic antenna sys-

tems.

Another domain where functionalization of core BODIPY is

of fundamental importance is the rational design of singlet

oxygen photosensitizers for photodynamic therapy (PDT).[10,11]

PDT[12] is a clinical practice primarily focused on the treatment

of certain types of cancer and pre-cancerous conditions, but

lately also expanded to the cure of psoriasis, macular degener-

ation, diabetes or other infectious diseases.[13–16] PDT exploits

the interaction between a photosensitizer (PS), a source of light,

and molecular oxygen.[12] The success of PDT is based on its

potential high selectivity: the PS is expected to preferentially

accumulate in the target area, which is then locally irradiated

with light of a particular wavelength.[17,18] Once the PS is

electronically excited, its efficacy relies on the population of

triplet states, which then interact with molecular oxygen or

other substrates.[19] According to the type of reaction under-

gone by the PS, two therapeutic mechanisms are known: when

radical species are produced via hydrogen abstraction or

electron transfer between the PS and the substrate, the

mechanism is referred to as Type I; when instead an energy

transfer occurs between the PS and molecular oxygen,

recovering the PS in its ground state, the mechanism is defined

as Type II.[20] Singlet oxygen, reactive oxygen species and

radicals, generated both in Type I and Type II mechanisms, are

the cytotoxic agents that cause cellular death by necrosis,

autophagy or apoptosis.[18] As Type II mechanism preserves the

chemical form of the PS, it is preferred to Type I, allowing for

more therapeutic cycles within a single administration.

Useful PSs for PDT need to fulfill a series of spectroscopic

properties, such as (i) sharp absorption, preferably within the

so-called therapeutic window (600–800 nm),[17] and (ii) the

efficient generation of triplet states carrying enough energy

(1 eV relative to the ground state) to produce 1O2 from ground

state 3O2. Furthermore, properties such as (iii) high photo- and

chemo-stability, (iv) solubility in both lipophilic and aqueous

media, and (v) high light-dark toxicity ratios are also desir-

able.[10,11]

As for the spectroscopic properties, the high fluorescence

quantum yield of the parent BODIPY dye, which amounts to

FFL = 90�5 %,[21] is considered a handicap for PDT, since

emission represents a competing process with intersystem

crossing (ISC) to the triplet manifold.[20] Indeed, a very low ISC

quantum yield of 1.1 % has been recorded for the core

BODIPY.[21] Moreover, its absorption maximum is centered at

lmax = 500 nm and thus blue shifted with respect to the

therapeutic window; therefore, efficient photoactivation of the

dye, especially in deep tumors is not yet guaranteed.

These drawbacks, however, can be potentially circumvented

taking advantage of the proneness of the dye to chemical

functionalization,[22] through which the photophysical proper-

ties could be adjusted. Several works in the literature have

considered the use of BODIPY dimers[23,24] or the introduction of

heavy atoms to enhance singlet oxygen production in

BODIPYs,[25,26] yet a balance between high triplet quantum

yields and acceptable light/dark toxicity ratio[27,28] or imaging

and therapeutic combined effects,[29] very useful at the first

stages of in vivo/in vitro studies and further on in clinical trials,

has not been accomplished. In order to design BODIPYs

showing an improved spectroscopic profile suitable for singlet

oxygen photosensitization and fulfilling the additional clinical

conditions, mentioned above, the dissection of the photo-

physics of the parent compound could provide a valuable basis

to subsequently draw clear structure-photophysics relationships

for different derivatives. As a first step towards the design of

functionalized BODIPYs suitable for PDT, here, we revisit the

deactivation mechanism of the parent BODIPY compound using

state-of-the-art multiconfigurational methods, and compare the

results with more economic single reference methods, such as

coupled cluster and ab initio polarization propagator methods,

which can afford the study of large BODIPY derivatives in the

future. In particular, here we shall use CASPT2[30] (second-order

perturbation theory complete active space) and the algebraic

diagrammatic construction scheme for the polarization propa-

gator in its second-order scheme, ADC(2).[31]

Since the BODIPY core serves as a reference to monitor the

effect of the different substitution patterns on the electronic

transition,[32,33] its absorption spectrum has been computed

with a wide range of computational protocols. However, only a

few studies have transcended the Franck-Condon (FC) region

and explored in detail the excited state potential energy

surfaces (PES). Specifically, Briggs et al.[34] characterized the S1

excited state minimum and simulated the gas phase and water

emission spectrum of BODIPY using an hybrid quantum

mechanics/molecular mechanics (QM/MM) approach. The

groups of Corminboeuf[35] and Dede,[36] additionally considered

the non-radiative deactivation channel to the ground state

thereby locating several S1/S0 conical intersections.

In this work, we focus on the specific role of the triplet

states within the photophysics of the core BODIPY. We have

explored the triplet PES and considered higher-lying singlet

electronic excited states in order to investigate their participa-

tion in alternative internal conversion and intersystem crossing

funnels to populate the triplet manifold. The present compre-

hensive description of the photophysics of BODIPY is expected

to guide the design of new PSs with an enhanced triplet

quantum yield or with application in other domains where the

irradiation energy is not subject to constraints.
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Computational Details

The ground state geometry of the parent BODIPY was

optimized with the B3LYP hybrid functional[37] and the 6-311G**

Pople basis set.[38] This standard hybrid exchange correlation

(XC) functional was chosen as it proved to predict geometries

in good agreement with the experimental crystallographic

structures and reasonable vertical transition energies,[39] accord-

ing to the assessment performed by several density functional

theory benchmark works on BODIPYs.[40–42] Yet, its good

behavior was ascribed to error cancellation, since in fact range-

separated XC functionals were found to be more suitable to

qualitatively reproduce the experimental absorption spectra of

BODIPYs.[41,43]

Since one of the goals of this work is to revisit the

absorption spectrum of the parent BODIPY expanding the

scope of methods used so far, the optical properties of this dye

were calculated in the framework of second order methods,

including the algebraic diagrammatic construction scheme for

the polarization propagator in its second-order scheme, ADC

(2),[31] and the single and doubles Coupled Cluster approxima-

tion, CC2.[44] These calculations were performed in combination

with the aug-cc-pVDZ[45] basis and invoking the resolution of

identity approximation[46] to avoid four-index two electron

integrals. The assessment of the performance of these methods,

using the experimental absorption spectrum as a benchmark,

will guide us in the selection of the approach that represents a

good compromise between accuracy and computational cost

to reevaluate the deactivation mechanism of this system, which

is the ultimate aim of this work. A better comparison with the

experimental spectrum was achieved after convoluting the

theoretical line spectra employing Lorentzian functions with

half-widths of 13.5 nm.

Furthermore, the results were compared with those

obtained with multistate-CASPT2 (MS-CASPT2).[47] For the MS-

CASPT2 calculation of the spectrum, we considered 5 roots, the

standard IPEA shift[48,49] value of 0.25 a.u. and the 0.1 a.u. level

shift value[50] in conjunction with the large Atomic Natural

Orbital (ANO-L)[51] basis set contracted to [3s2p/4s3p2d] for H

and heavy elements, respectively. The active space (AS)

comprises the complete set of p orbitals amounting to 12

active electrons in 11 orbitals (12,11), as recommended in Refs.

[32, 36] (see also Figure S1 of the Supporting Information). In

passing, we also compare our results with those obtained using

the protocol recommended by Jacquemin’s group for BODI-

PYs,[41–43] consisting of the time-dependent (TD) version of M06-

2X[52] functional together with basis sets incorporating diffuse

functions.

The most stable singlet excited state S1 minimum was

optimized with the TD�M06-2X/6-31 + G(d,p),[38] CC2/TZVP,[44,53]

ADC(2)/TZVP and MS-CASPT2//CASSCF/6-31G* approaches.

Other regions of the PES were explored with CASSCF/6-31G*

and ADC(2)/TZVP protocols. The CASSCF/6-31G* stationary and

degeneracy points of the PES were connected employing the

Intrinsic Reaction Coordinate (IRC) method, following the

Minimum Energy Path (MEP) of the excited state of interest.[54]

A total number of 3 roots were considered for the optimization

of the excited states and conical intersections (CI), as well as for

the MEP calculations. For the location of intersystem crossing

points, 3 roots of singlet and triplet multiplicities were

considered. However, the final energies for both triplet and

singlet multiplicities are reported at MS(5)-CASPT2//CASSCF/

ANO-L level of theory. The RICD approximation[55] was used to

compute two-electron integrals.

As the inclusion of dynamical correlation was found to

break the degeneracies located at the CASSCF level of theory at

the position of the CI geometries, up to 1.0 eV, these geo-

metries were refined following CASPT2 MEPs, based on SA(3)-

CASSCF(12,11)/6-31G* wavefunctions. The CI geometries were

considered converged when the energy difference between the

two potential energy surfaces was roughly 0.13 eV, taking into

account that radiationless jumps between two states do not

necessarily occur at the vertex of the cone.[56] The CI geometries

were relocated at the ADC(2)/TZVP level of theory employing

the algorithm developed by Levine et al.[57] interfaced to the

Turbomole software package.[58]

Spin orbit couplings (SOC) at the S1 minimum geometry

and singlet/triplet crossing points have been estimated employ-

ing the relativistic Douglas-Kroll-Hess Hamiltonian[59] and the

Atomic Mean Field Integral approximation.[60] To calculate the

SOC, we switched to the relativistic ANO-RCC basis set.[61]

The calculations involving the S1/S0-CI that present the

N4a�B bond broken (in the following (S1/S0)dis, see below)

required a slightly different active space in which the HOMO-2

orbital, which at this point of the PES presents an occupancy of

1.99, is replaced for the lone pair localized on the N atom from

the detached ring, with an occupation of 1.66 (see Figure S3).

The CASSCF and MS-CASPT2 calculations were performed

employing the Molcas 7.8 software package.[62] For the

optimization of CASSCF conical intersections and interstate

crossings we employed the CONICAL module of the Molpro

2009 package.[63] TD-DFT calculations were carried out with the

Gaussian 09 program[64] while CC2 and ADC(2) methods were

employed as implemented in Turbomole 6.5 package.[58]

2. Results and Discussion

2.1. Absorption Spectra

Figure 1a presents the gas phase multiconfigurational simu-

lated absorption spectra of the BODIPY core in the range

between 2–6 eV together with the experimental absorption

spectrum recorded in dichloromethane.[21] The key band for

PDT purposes is the absorption most shifted to the red

centered at 2.46 eV (503 nm),[21] which is the closest to the

“therapeutic window” (600–800 nm).[12]

The CASPT2 method gives a good approximation to the

first absorption band, only blue shifted by 0.18 eV. This

deviation from the experimental result is ascribed to neglecting

solvent dye interactions. Indeed, dichloromethane is expected

to blue shift transitions, which are less polar than the ground

state, such as the S1 (mS0 = 4.2819 D vs. mS1 = 4.1037 D). Our

CASPT2 vertical excitation energy is slightly less accurate
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compared to the almost overlapping with the experimental

energy value reported by Momeni and Brown,[32] who employed

the cc-pVTZ basis set.

The methods considered in Figure 1b, for the calculation of

the absorption spectrum can be classified according to their

deviation from the reference CASPT2 absorption spectrum,

used as benchmark.

For the band peaking at 2.46 eV (500 nm), ADC(2) and

CASSCF methods provide the smallest deviation amounting to

0.13 eV with respect to our CASPT2 reference. These deviations

are ascribed to the lack of dynamic correlation of the CASSCF

method, whilst ADC(2) suffers from neglecting static correlation

and potential minor contributions of double excited states in

the description of the wavefunction.[65]

The CC2 absorption, in good agreement with the results

reported by Petrushenko et al.,[33] provides a slightly worse

result, deviating from CASPT2 by 0.26 eV.

TD-DFT delivers the largest deviation, of about 0.45 eV,

compared to the CASPT2 value. This is ascribed to the inherent

limitations of TD-DFT, which is known to have serious troubles

in the description of systems with multireference character and

to account for the contribution of double excitations, which is

the case of the BODIPY dye, as underlined by Momeni et al.[32]

This first absorption band is mainly characterized as a

HOMO-LUMO transition regardless of the method employed,

see Table 1, albeit with significant differences in the weight of

this configuration in the wave function, ranging from 50–95 %,

what might also explain the differences in the transition

energies. Such a transition corresponds to a pp* excitation

mainly localized on the pyrrole rings (Figure S1).

From the analysis of these results, we conclude that, at least

for the description of the first absorption band, introducing

static correlation seems to be as relevant as dynamic

correlation.

The clear trends observed for the energies of the first

absorption band do not longer hold for the second and third

electronic transitions, see Figure 1 and Table 2. In fact, if we

consider the CASPT2 results as a reference, the second order

CC2 and ADC(2) methods seem to outperform compared to

CASSCF and TD-DFT, the latter providing the largest deviations.

In contrast, a much larger discrepancy among all the methods

is obtained regarding the intensity, with TD-DFT providing the

best agreement with the CASPT2 results.

According to our calculations, the origin of the second

band in the absorption spectrum of BODIPY, is the presence of

two very close transitions, the S2 and S3, see Figure 1a and

Table 2, with the S2 contributing to a greater extent. The S4

electronic state would be responsible for the shoulder at the

blue side of this band. As in the S1, these pp* transitions,

respectively involving the HOMO-1 and the LUMO and HOMO-2

and the LUMO orbitals, are strongly localized on the pyrrole

heterocycles. Noticeably, whilst CASSCF and CASPT2 predict

markedly multiconfigurational wavefunctions for the S2 and S3

states, the other methods employed predict contributions

exceeding 90 % from a single configuration.

Also worth noting is that the proximity of the S2 and S3

transitions leads to a different state ordering at the CASSCF and

CASPT2 levels of theory. In fact, after incorporating dynamical

correlation, the S3 HOMO-1!LUMO transition at CASSCF level

stabilizes, becoming the S2, see Table 2.

In summary, despite second order CC2 and ADC(2) miss

important features of the electronic structure of the excited

states of the parent BODIPY core at the FC region they do

provide a good description of the absorption spectrum.

Figure 1. a) Simulated multiconfigurational and experimental[21] absorption
spectra of the parent BODIPY. The level of theory is indicated in the legend.
Line spectra indicating the transitions involved in each band are also
included. b) Comparison of the performance of different monoconfigura-
tional methods against the reference MS-CASPT2. The absorption spectra are
normalized.

Table 1. Characterization of the first absorption band of the parent BODIPY
calculated at different levels of theory. Energy difference (DE in eV) relative
to the experimental value is reported within parenthesis. Configuration
weight cutoff 1 %.

S1 (pp*)
Method DE [nm] DE [eV] f Main Configuration Weight [%]

TD-DFT 401.6 3.09 (0.63) 0.5 H!L
H-1!L

95.9
3.6

CC2 427.2 2.90 (0.44) 0.5 H!L
H-1!L

83.7
11.3

ADC(2) 445.4 2.78 (0.32) 0.51 H!L
H-1!L

84.2
11.2

CASSCF 448.9 2.76 (0.3) 0.52 H!L
H-1!L

49.3
21.8

CASPT2 469.7 2.64 (0.18) 0.65 H!L
H-1!L

63.7
7.9
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2.2. Singlet Potential Energy Surfaces

2.2.1. Deactivation Mechanism from the S1 pp* Electronic State

A comprehensive study of the photophysics of a dye requires

the exploration of the excited and ground state PES beyond

the FC region. To this purpose, we have undertaken MEP

calculations following the gradients of the two lowest-lying

electronic excited states, which are, according to all the

methods investigated, ultimately responsible of the first two

bands of the absorption spectrum.

The S1 MEP connects, directly and only in few steps, the FC

region with a minimum lying 2.63 eV above the ground state

equilibrium structure, according to CASPT2. The energies for

the S1 minimum calculated with TD-DFT, CC2 and ADC(2) are

2.98, 2.65 and 2.55 eV, respectively. In agreement with previous

studies,[32,34] the structure of this stationary point differs from

the ground state (See Table S1) in that it is no longer planar,

neither symmetric. Also similarly to what was reported by

Briggs et al.,[34] TD-DFT predicts slightly smaller (B�N4a�C8a�C8)

dihedrals q (recall Scheme 1 for atom numbering) compared to

multiconfigurational approaches.

In fact, TD�M06-2X predicts a dihedral of 9.38, that is, 48
smaller than CASSCF (q= 138), which predicts almost the same

distortion from planarity than CASPT2 (q = 14.48).[34] Interest-

ingly, ADC(2) calculates an intermediate dihedral of 178, whilst

the dihedral angle predicted by the CC2 method is the largest

of all the methods considered and amounts to 198 (Figure 2).

The C2v S1 planar structure reported in previous work[36]

obtained by a geometry optimization initialized from planar

initial guess structures or by imposing C2v symmetry constraints

along the optimization procedure, was found to correspond to

a transition state, in agreement with ref. [34]. Indeed, the

frequency calculation at TD-DFT level of theory presents an

imaginary frequency of �17.5 cm�1, which corresponds to the

out of the plane oscillation of the B-F2 moiety (see Figure S2)

that, thus, connects the two equivalent non-planar S1 minima.

Besides the deviation from planarity, the geometrical differ-

ences between the S1 and the ground state equilibrium are

rather small. At CASSCF level of theory, the main changes are

localized in one of the two pyrrole rings for which the bond

distances vary at most by 0.2–0.4 Å, whereas the largest

decrease for the main angles is of 3.58.
From the S1 optimized structures, it is possible to calculate

the vertical emission energies. As the relaxation energy of the

S1 state is minimal, the Stokes shift is very small. The

experimental emission of the parent BODIPY was found to be

influenced by the nature of the solvent and its maximum

ranges from 2.42 eV[21] to 2.32 eV.[66] Our gas phase CASPT2

simulations predict a value of 2.42 eV for vertical emission,

while CC2 and ADC(2) calculate instead 2.48 eV and 2.32 eV,

respectively. Our CASPT2 value is very close to that previously

reported at 2.37 eV.[34] Consistently with the predictions found

for absorption, TD-DFT overestimates the emission energy by

delivering a value of 2.95 eV. Nevertheless, it should be noticed

that TD-DFT emission energies are strongly functional depend-

ent, having been reported values comprised between 1.43 and

3.01 eV.[32,34]

The influence of the solvent on the emission spectrum can

be ascribed to the change in the dipole moment of the S0 and

S1 states compared to the FC region. Both states have, in fact,

larger dipoles values at the S1 minimum structure with respect

to the FC geometry (See Table 2 in the Supporting Information).

As the S1/S0 internal conversion funnel and its accessibility

from the S1 minimum are key features in the deactivation of

photoexcited BODIPY core, they will be discussed in the

following. The first S1/S0-CI, showing a dissociated N�B bond,

Table 2. Characterization of the second band of the parent BODIPY absorption spectrum with the different methods considered in our survey. Configuration
weight cutoff 1 %.

S2 (pp*) S3 (pp*)
Method DE [nm] DE [eV] f Main configuration Weight [%] DE [nm] DE [eV] f Main configuration Weight [%]

TD-DFT 304.3 4.07 0.12 H-1!L
H!L

95.7
3.9

289.4 4.28 0.04 H-2!L 98.4

CC2 319.6 3.88 0.19 H-1!L
H!L

82.8
12.9

309.7 4.00 0.04 H-2!L
H-3!L

92.3
3.2

ADC(2) 326.3 3.80 0.24 H-1!L
H!L

83.7
12

316.7 3.92 0.04 H-2!L
H-3!L

92
3.5

CASSCF 322.9 3.84 0.03 H-2!L
H-1/H[a]!L

54.4
16.6

308.7 4.02 0.33 H-1!L
H!L
H-2/H[a]!L

40.8
20.8
14.8

CASPT2 327.8 3.78 0.10 H-1!L
H!L
H-2/H[a]!L

54.7
6.4
16

320.6 3.87 0.04 H-2!L
H-1/H[a]!L

56.4
17.7

[a] Double excitation.

Figure 2. Side view of the S1 minimum structures optimized with different
methods. (B-N4a-C8a-C8) dihedral angles q (in degrees) for these methods are
also indicated.
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(S1/S0)dis, was located 4.56 eV relative to the ground state

equilibrium geometry and 1.93 eV above the S1 minimum

structure, at CASPT2 level of theory. At difference with the S1

minimum, where CASSCF and CASPT2 approaches were found

to provide very similar description of the PES, the region

corresponding to the (S1/S0)dis funnel was found to be strongly

sensitive to the addition of dynamic correlation, as well as to

the number of roots considered in the calculation. Indeed, the

S1�S0 energy gap at the CASSCF (S1/S0)dis geometry increases up

to 0.65 eV at the CASPT2 level of theory.

This S1/S0 crossing smoothly connects with the minimum in

the ground state, as depicted in Figure S4a. However, a

geometry interpolation between the structures of the S1

minimum and the S1/S0 conical intersection reveals the

existence of an energetic barrier that would explain why it was

not possible to leave the (S1/S0)dis seam of intersection while

following the gradient of the S1 state, see Figure S4b.

The CASPT2 geometry of the (S1/S0)dis-CI, reported in

Figure 3a, involves a large structural reorganization with respect

to the S1 minimum. As already mentioned before, accessing this

funnel involves the rupture of the N4a�B bond (recall Scheme 1

for atom numbering) and the rotation around the C8�C8a bond

of the detached pyrrole ring that becomes almost orthogonal

to the rest of the core structure. The dissociation of the B-N4a

bond triggers further rearrangements of the electronic and

molecular structure of the system, which compromise its

symmetry. For instance, the equivalent N3a�B bond reinforces

by 0.14 Å compared to the S1 minimum structure, and the C1a

C8C8a bond angle centered on the meso carbon increases by

118. These great structural modifications are at the origin of the

energetic barrier showed in Figure S4.

A similar S1/S0-CI as the one described above was previously

reported by Buyuktemiz et al.[36] Nevertheless, there are impor-

tant differences between these two funnels that affect both the

energy and the structure, and thus deserve to be analyzed. The

S1/S0-CI reported in Ref. [36] is located 3.1 eV relative to the

minimum of the S1 and 2.9 eV above the S1 vertical excitation at

the FC region, that is more than 1 eV above the equivalent

crossing located in this work. Moreover, the geometry reported

in ref. [36] is also slightly different than ours, as the CI reported

by Buyuktemiz et al.[36] exhibits a N4a�B bond that weakens up

to 1.981 Å, but that it is not yet broken. Our calculations

confirm that the geometry reported by these authors is, indeed,

a point of the CASSCF S1/S0 seam of intersection but the S1/S0

energy gap at CASPT2 level of theory is almost 1.3 eV.

For the sake of evaluating the validity of the ADC(2) method

for the complete description of the PES of the parent BODIPY,

we performed single point calculations at the geometry

optimized with CASPT2. Interestingly and in line with previous

observations that detect a systematic underestimation of the

pp* state energies by ADC(2),[65] we find that this method

preserves the degeneracy between the S1 and S0 electronic

states at the position of the (S1/S0)dis-CI, whilst it predicts an

energy of 3.85 eV, 0.7 eV below the value found at the CASPT2

level. The reliability of this calculation was assessed through the

calculation of the D1 diagnostic, as implemented in Turbo-

mole,[67] which provides an estimation of the multireference

character of the ground state wave function. The D1 value at

this point of the PES amounted to 0.09, which is well over the

tolerability limit for the use of monoconfigurational methods in

the description of the ground state of a system. This is actually

not surprising for a point of the PES where two electronic states

are energetically degenerate and which presents a dissociated

N�B bond.

Despite the non-rigorous characterization of S1/S0-CIs made

by the monoconfigurational ADC(2) method, its advantages to

study the photophysics of medium to large systems are

undeniable. Moreover, it has been demonstrated that even if

ADC(2) is not able to properly describe the branching space of

Figure 3. (S1/S0)dis (a) and (S1/S0)bent (b), involving the FC S1 electronic state, and resulting from exploring the PES with CASSCF and ADC(2) methods,
respectively. Both structures were refined at the CASPT2//CASSCF level of theory. The figure includes front and side views of the geometries and the main
geometrical parameters. Bond lengths are given in Å and bond angles in degrees.
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CIs, it is often able to predict reasonable geometries and

energies for these points.[35,68,69]

Consistently with the work of Corminboeuf et al.,[35] the

optimization of the S1/S0 CI with the ADC(2) method led to a

different CI located 2.85 eV over the ground state equilibrium

minimum, and characterized by a butterfly-like folding of the

pyrrole heterocycles along the C8�B axis, in the following

addressed as (S1/S0)bent, (see Figure 3b). A peculiar feature of

this structure is the position of the H atom at the meso position.

The C8�H bond has rotated and lies perpendicular to the plane

of the molecule and almost parallel to one of the two B�F

bonds. This (S1/S0)bent-CI was also found to be a degeneracy

point of the CASPT2 PES, with an energy of 3.52 eV. Thus, both

in the CASPT2 and ADC(2) PESs the two S1/S0-CIs would be

separated by 1 eV energy difference, although these funnels are

much more accessible (ca. 0.7 eV) in the ADC(2) PES.

Similar to the (S1/S0)dis-CI, our MEP calculations for the bent-

CI indicate that this structure is smoothly connected to S0

minimum (Figure S5). In contrast to the dissociated-CI, however,

the pathway connecting the (S1/S0)bent crossing with the S1

minimum does not show any barrier. As for the S1 minimum,

the potential energy profile directly connecting the structure of

the bent with the dissociated�CI is defined by the existence of

an energy barrier, which reflects the important electron density

reorganization that involves the breaking of the N4a�B bond

(see Figure 4).

2.2.2. Deactivation Mechanism from the S2 pp* Electronic State

The reason for exploring the deactivation mechanism from

higher lying excited states is twofold. On the one hand, there

might be applications, other than PDT, where the use of high

excitation energies to activate the photosensitizer is not a

drawback; on the other hand, there are quite a few examples

which reveal the importance of high lying excited states in the

deactivation mechanism of systems even if they are not

necessarily initially populated.[70]

Our MEP from the FC region of the S2 state very quickly

reaches a degeneracy region between the two main spectro-

scopic states S2/S1 lying at 3.26 eV at the CASPT2 level of theory.

The proximity between the FC region and the interstate

crossing is reflected in the similarity of the structure of the CI

and that of the equilibrium ground state, as the molecule is still

planar, with a (B�N4a�C8a�C8) dihedral angle of only 0.58. The

initial C2v symmetry is, however, lost with the B�N and C�C

bonds asymmetrically modified around the axis defined by the

C8 and B atoms. The main geometrical parameters of the S2/S1-

CI are reported in Figure 5a.

Consistently with the fact that no fluorescence has been

observed from electronic states other than the S1,[21] the S2/S1

crossing is expected to represent an efficient internal con-

version channel to transfer the S2 population to the lower

excited state.

The position of the ADC(2) S2/S1-CI slightly differs from the

equivalent geometry calculated at the CASPT2 level of theory.

At the position of the CASPT2 CI, the ADC(2) method predicts

an energy gap of 0.24 eV and an energy value 0.13 eV below

the one predicted by CASPT2.

The ADC(2) S2/S1-CI is located 3 eV over the ground state

equilibrium geometry, in agreement with the CASPT2 picture,

and qualitatively reproduces the one obtained with the multi-

configurational CASPT2//CASSCF approach, considering that

the largest deviations are of about 0.02 Å and 28 for bond

distances and angles, respectively.

Within the CASPT2//CASSCF framework, a third non-

radiative S1b/S0 channel was found at 5.36 eV, this time, the S1

carrying the same character of the S2 state at the FC region.

This S1b/S0-CI can funnel population from the second

spectroscopic state back to the ground state, after the two first

spectroscopic states have crossed and the excited state order

has changed, or alternatively from the S1 spectroscopic state,

assuming that the S1b/S0 crossing is energetically accessible

from the S1 minimum. The geometry of this degeneracy point,

reported in Figure 5b, is twisted and deflects from the planar

structure characteristic of the previous S2/S1-CI (Figure 5a). This

deviation from planarity, however, is minor compared to that of

the (S1/S0)bent-CI (Figure 3). The asymmetry of this CI also

increases compared to the S2/S1-CI. Major changes between

these two CIs are localized on the B�N4a, C8a�N4a and C6�C7

bond lengths that stretch by 0.139 Å, 0.11 Å and 0.138 Å,

respectively, see Figure 5b.

Interestingly, our MEP calculations directly connect the S1b/

S0-CI with the S1 minimum. Along the MEP, a smooth evolution

of the S1 character from the nature of the S2 state at the FC

region to that of the FC S1 was observed. The smooth

connection of the S1b/S0-CI with the S2/S1-CI was, however, not

possible due to the presence of an energy barrier, see

Figure S6.

The ADC(2) method also preserves the degeneracy of the

CASPT2 S1b/S0 crossing, which lies 3.34 eV above the ground

state minimum according to the second order method. With a

D1 value of 0.06, the trust limit value of this diagnostic is

Figure 4. SA(5)-CASSCF(12,11)/6-31G* potential energy profiles along the
linear interpolation in cartesian coordinates between (S1/S0)dis and (S1/S0)bent

conical intersections.
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exceeded. Notably, the optimization of this point at the ADC(2)

level results in the S1b state degenerated with the S0 at 3.8 eV.

Coincidentally, at this point the FC S1 lies very close in energy,

which indicates that this geometry is better characterized as a

three state degeneracy point.

All in all, considering the landscape of singlet potential

energy surfaces (see Figure 6), we can reasonably expect that

the population reaching any of the two spectroscopic states

would be collected at the S1 minimum. While the population of

the S2 state will relax via the S2/S1 internal conversion, nurturing

the S1 minimum, the population excited to S1 will directly fall

into this minimum.

As this minimum is separated from the S1/S0-CIs by uphill

potential energy profiles, emission seems to be the most

reasonable relaxation route, in accordance to the large

fluorescence quantum yield of 90�5 %[21,66] experimentally

observed. Yet, ISC with a quantum yield of 1.1 % has been also

reported.[21] Thus, in the following, the role of the triplet states

in the deactivation of this chromophore will be investigated.

2.3. Triplet Potential Energy Surfaces

2.3.1. Population of the Triplet Manifold from the S1 State

With the purpose of investigating the minor deactivation

pathway along the triplet manifold in the parent BODIPY

chromophore, we have located potential ISC funnels along or

in the proximity of the simulated singlet deactivation pathway.

These features of the PES are key to PDT, since they serve as

funnels for the population of triplet states that act as precursors

of singlet oxygen and other reactive oxygen species, cytotoxic

to cellular biomolecules.[10,11] Singlet-triplet energy gaps and

SOC values are the two key ingredients to qualitatively estimate

the probability for ISC.[71]

As a first approach, we have calculated vertical triplet

excitation energies at the equilibrium geometry, see Table 3.

According to CASPT2, T1 lies 0.7 eV below the brightest S1 state,

while T2 and T3 are 0.5 and 0.7 eV above it, respectively. The T3

state also lies 0.5 eV below the S2. Besides the large energy

gaps, since the three triplets share the same pp* character as

the singlet spectroscopic states, the SOC is expected to be

small, according to the El-Sayed rules.[72]

Since the S�T energy differences are still quite large at the

FC region, and we presume that the population will directly

evolve from the FC region towards the S1 minimum structure,

we performed vertical excitation calculations along the MEP

connecting these two points to monitor the singlet triplet

energy differences. No singlet-triplet crossings, able to leak

Figure 5. Side and front views of CASPT2 S2/S1-CI (a) and S1b/S0-CI (b) optimized geometries. Relevant bond distances given in Å and angles in degrees are also
reported.

Figure 6. Schematic singlet-state potential energy surfaces based on MEP
calculations, minima and conical intersection (CI) optimizations. MS-CASPT2/
ANO-L and ADC(2)/TZVP energies (in parenthesis) relative to the S0 minimum
in eV.
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population to the triplet manifold before the population

reaches the S1 minimum, were found but at the S1 minimum

the S1/T1 energy gap decreases to 0.6 eV. Nevertheless, the T2 is

still the closest state lying 0.4 eV above the S1.

The SOC values at the position of the S1 minimum were

computed to qualitatively estimate ISC probabilities at this

point of the PES, where the wave packet is supposed to be

retained for some time, before further decaying. As anticipated

from the character of the singlet and the triplet wave functions,

the calculated SOC values at this point are extremely small. For

instance, the S1 and T2 coupling, which is the largest of the

three closest triplet states, amounts to only 1 cm�1. Such small

SOCs are common in certain BODIPYs, for instance amounting

to 0.1 cm�1 in isoindole derivatives.[73] Considering these poor

SOC values and the large energy gaps (see above), other

additional energetically accessible ISC points involving the S1

state were sought.

A S1/T2 ISC point was found with CASPT2 2.85 eV above the

ground state equilibrium geometry. At this point, the S/T energy

difference is only of 0.1 eV and the calculated SOC amounts to

0.7 cm�1. This S1/T2 ISC point lies very close both to the S1

minimum and a minimum in the T2 potential. Incidentally, the

T2 minimum coincides with a T2/T1-CI. Thus, ISC via S1/T2 ISC

point will eventually allow the transfer of the population to the

lowest triplet state, with no further possibility to return to the

singlet excited manifold.

Consistently with their energetic proximity, the S1/T2 ISC

geometry (Figure 7a) is very close to the S1 minimum structure,

the main differences localized in the bond distances of one of

the two pyrrole rings. These differences are, however, slightly

larger when the comparison is made with the T2 minimum

structure. The S1/T2 ISC geometry is predicted to be more bent

along the B�C8 axis (q= 128) compared to the T2 minimum (q=

7.58). Also noteworthy, for the T2 minimum we register an

important disruption of the initial C2v geometry, the responsible

being the BF2 moiety which asymmetrically displaces towards

one of the two pyrrole rings, leading to B�N bond distances

which differ in ca. 0.2 Å.

As already observed for other regions of the PES, the ADC

(2) method slightly underestimates the energy of S1/T2 ISC point

compared to CASPT2 (2.6 eV vs 2.8 eV). Thus, only minor

differences are found between the geometries optimized for

this crossing with these two methods, except for the dihedral

angle, which, as observed for the S1 minimum structure, (recall

Figure 2), seems to be strongly dependent on the level of

theory employed in the calculations. Thus, in the ADC(2)

geometry the out-of-plane deviation for the S1/T2 ISC point was

found to be 58 larger compared the CASSCF geometry. Also,

differences in the bond distances of the heterocyclic scaffold

calculated with these two methods were detected, but none of

them was larger than 0.03 Å.

Finally, a T1 minimum structure was optimized and found to

be planar and very similar to the ground state, as well as to the

geometry reported by Buyuktemiz et al.[36] At the CASPT2 level

of theory, the T1 minimum lies at 1.9 eV above the ground state

minimum. Assuming its population is possible, the parent

BODIPY could promote 1O2 generation via an energy transfer

process.[20]

To conclude, we have identified the most stable channel to

transfer population from the lowest lying spectroscopic state S1

to the triplet manifold, represented by the S1/T2 crossing point,

see Figure 8. The location of this point, close to the S1 minimum

structure, separated itself from S1/S0 funnels by high-energy

barriers that would prevent the population from returning to

the ground state, fulfills the energetic and structural require-

ments for an effective ISC, despite the very small values of the

SOC. From the T2 triplet state the molecule can subsequently

relax via internal conversion to the T1, with enough energy to

trigger the production of the cytotoxic 1O2 employed in PDT.

Table 3. Excitation energies (DE), singlet–triplet energy gaps (DS-T) and characterization of the lowest-lying triplet excited states according to MS-CASPT2/
ANO-L level of theory. Configuration weight cutoff 1 %.

DE [eV] DS-T [eV] Main configuration Weight [%]

T1 1.92 S1 0.72 H!L 82
T2 3.11 S1 0.47 S2 0.67 H-1!L 71
T3 3.31 S1 0.67 S2 0.47 H-2!L 71

Figure 7. CASSCF S1/T2 ISC point (a) and T1 and T2 minimum (b) optimized
geometries. (b) Tn relevant bond lengths (in Å, red for T1 and black for T2)
and angles (in degrees) are also presented.
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2.3.2. Population of the Triplet Manifold from the S2 State

Finally, as an alternative route to populate the triplet manifold,

we have investigated the deactivation from the S2 state, even if

this state is less relevant for PDT due to its higher absorption

energy. According to CASPT2, at the FC region, the T3 triplet

excited state lies 0.5 eV below the S2 but this difference could

decrease as the S2 state stabilizes. As a matter of fact, we have

found an S2/T3 ISC point, lying 3.3 eV relative to the GS

minimum, with a value for the SOC of 0.9 cm�1. This value is still

too small to make this ISC a competitive process but might be

exploited for future BODIPY derivatives. Moreover, the S2/T3 ISC

is expected to be strongly disfavored with respect to the S2/S1-

CI for deactivation from the second spectroscopic state S2.

Interestingly, at the position of the S2/T3 ISC crossing, the S1 and

the T2 states were also found to be energetically degenerate.

This funnel is, however, higher in energy than the S1/T2 ISC

crossing located along the deactivation of the S1 state.

The ADC(2) method predicts an energy of 3.23 eV for the

CASPT2 S2/T3 ISC crossing, while the optimization at the ADC(2)

level results in an energy value for this crossing of 3.13 eV. At

both geometries, the S1 and T2 states were found to be

degenerate with ADC(2). From these results we can conclude

that the ADC(2) and CASPT2 methods calculated very similar

PESs, the ADC(2) energies being slightly more stable.

Finally, a last ISC funnel was found along the S2 state. As it is

located after the S2/S1 crossing, it actually corresponds to a S1/

T1 crossing, where the S1 has the character of the S2 state at the

FC region, similarly to what found at the S1b/S0-CI. At this point,

with an energy of 3.16 eV and a SOC value of 1.24 cm�1, we also

find that the T2 is energetically very close, leading to a three-

degeneracy point. Following the same trend as observed for

the rest of the PES, the ADC(2) method confirms the S1b/T1

degeneracy at the position of the CASPT2 crossing at 2.77 eV,

with T2 in this case lying 0.3 eV above it. The optimization with

ADC(2), instead, locates this crossing at 2.9 eV, with the T2 state

lying 0.4 eV higher in energy. This crossing would therefore

compete with the S2/S1 internal conversion funnel (Figure 9).

3. Conclusions

The deactivation mechanism of the parent BODIPY dye has

been revisited using the ADC(2) and CASPT2 approaches. The

topology of the ground and excited state potential energy

surfaces has been investigated, paying special attention to the

role of the triplets and higher-lying singlet excited states.

According to our CASPT2//CASSCF calculations, population

directly excited to the S1 state would evolve to a minimum in

the same potential. Altogether, three different S1/S0 internal

conversion crossings were located, differing both in the

structure and character of the electronic states involved. The

(S1/S0)dis crossing, previously reported by Buyuktemiz et al.,[36]

involves the dissociation of the B�N4a bond. This funnel was

located 1.93 eV above the S1 minimum and 1.92 eV above the

FC S1 energy, but has been predicted to be 1.8 eV more stable

than the equivalent crossing reported by these authors. The

(S1/S0)bent crossing, previously reported by Prjl et al.,[35] is

characterized by a bent structure along the B�C8 axis and is

located 0.88 eV above the S1 minimum. The S1b/S0 crossing is

located beyond the S2/S1 conical intersection and thus involves

an S1 with the character of the FC S2. This structure was

calculated 2.69 eV above the S1 minimum. Taking the energy of

the FC S1 as a reference, none of these funnels would be

accessible following excitation to the S1. And interestingly, only

the bent crossing, (S1/S0)bent, would serve as a funnel for internal

conversion to the ground state if the system is irradiated with

wavelengths shorter than 300 nm, which corresponds to the

center of the second absorption band.

Furthermore, three different singlet/triplet crossings were

located along the minimum energy paths of the S1 and S2

states. Although energetically accessible, population transfer to

the triplet manifold is not expected to be very efficient

attending to the very small SOCs (0.7–1.25 cm�1) calculated at

these regions of the PES � in line with the very large

fluorescence and very small triplet quantum yields experimen-

tally observed.

Figure 8. Schematic PESs including the lowest spectroscopic state S1, the
closest triplet states T1 and T2, and the position of the S1/T2 ISC and T2/T1

internal conversion funnels. The most probable pathway to populate the
triplet manifold is highlighted. Relative energies in eV are reported for
CASPT2 and ADC(2) in parenthesis.

Figure 9. Schematic potential energy profile including the main stationary
points, conical intersections (CI) and intersystem crossing (ISC) points from
the S2 spectroscopic state.
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Overall, the ADC(2) method was found to be able to

qualitatively reproduce the landscape of the CASPT2 excited

potential energy surfaces. However, several differences were

found between the two methods. In general, ADC(2) was found

to underestimate stationary point and interstate crossing

energies, compared to CASPT2, except for the FC region where

it provides slightly higher vertical energies both for the S1 and

S2 states, probably due to the overestimation of the mono-

configurational character of the wave functions by the ADC(2)

method. Not unexpectedly, whilst the energetic deviation of

ADC(2) from CASPT2 is rather small for excited state minima

and interstate crossings, the discrepancies grow much larger

for crossings involving the ground state, i. e. S1/S0-CIs, (up to

1.5 eV), due to the incorrect description of the ground state

made by ADC(2), lacking static correlation, and the different

description that this method makes of the ground and the

excited states. Consistently, the D1 diagnostic at these points

exceeds the tolerability limit for monoconfigurational protocols

to reliably describe the ground state of this system. Never-

theless, at this point, it must be noted that (S1/S0)bent and (S1/

S0)dis funnels would be accessible following excitation to the S2,

but not upon excitation to the S1, according to ADC(2) method.

Finally, as for the geometries of the excited PES, the ADC(2)

method was also found to systematically overestimate the

(B�N4a�C8a�C8) dihedral for bended structures, whilst coinciding

with CASSCF in the remaining structural parameters.

In general, we have detected, from the analysis of the

geometrical parameters for the different stationary point and

interstates crossings, a correlation between the deviation from

the planar structure of the BODIPY core and the increased

asymmetry of the two fused pyrrole rings.

The present results should be useful towards the final goal

of functionalizing the parent BODIPY for PDT so that radiative

and non-radiative decay to the ground state is quenched, whilst

SOC values are increased, in order to favor intersystem crossing

to the triplet manifold. Non-adiabatic simulations could help to

ponder the relevance of the different channels obtained in this

work and thus unravelling other effects, which might help to

enhance or suppress a particular channel. Work along these

lines is in progress.
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Acad. Sci. 1999, 96, 12477–12481.

[4] G. Ulrich, R. Ziessel, A. Harriman, Angew. Chem. Int. Ed. 2008, 47, 1184–
1201; Angew. Chem. 2008, 120, 1202–1219.

[5] S. Debnath, S. Singh, A. Bedi, K. Krishnamoorthy, S. S. Zade, J. Phys.
Chem. C 2015, 119, 15859–15867.

[6] H. Yeo, K. Tanaka, Y. Chujo, Macromolecules 2013, 46, 2599–2605.
[7] S. Hattori, K. Ohkubo, Y. Urano, H. Sunahara, T. Nagano, Y. Wada, N. V.

Tkachenko, H. Lemmetyinen, S. Fukuzumi, J. Phys. Chem. B 2005, 109,
15368–15375.

[8] A. Iagatti, L. Cupellini, G. Biagiotti, S. Caprasecca, S. Fedeli, A. Lapini, E.
Ussano, S. Cicchi, P. Foggi, M. Marcaccio, B. Mennucci, M. Di Donato, J.
Phys. Chem. C 2016, 120, 16526–16536.

[9] Y. V. Zatsikha, E. Maligaspe, A. A. Purchel, N. O. Didukh, Y. Wang, Y. P.
Kovtun, D. A. Blank, V. N. Nemykin, Inorg. Chem. 2015, 54, 7915–7928.

[10] A. Kamkaew, S. H. Lim, H. B. Lee, L. V. Kiew, L. Y. Chung, K. Burgess,
Chem. Soc. Rev. 2013, 42, 77–88.

[11] S. G. Awuah, Y. You, RSC Adv. 2012, 2, 1169–11183 .
[12] J. M. Dabrowski, L. G. Arnaut, Photochem. Photobiol. Sci. 2015, 14, 1765–

1780.
[13] Y. K. Tandon, M. F. Yang, E. D. Baron, Photodermatol. Photoimmunol.

Photomed. 2008, 24, 222–230.
[14] R. P. L. Wormald, J. R. Evans, L. L. Smeeth, K. S. Henshaw, Cochrane

Database of Systematic Reviews 2005, DOI: 10.1002/
14651858.CD002030.pub2, CD002030.

[15] J. P. Tardivo, F. Adami, J. A. Correa, M. A. S. Pinhal, M. S. Baptista,
Photodiagn. Photodyn. Ther. 2014, 11, 342–350.

[16] M. R. Hamblin, T. Hasan, Photochem. Photobiol. Sci. 2004, 3, 436–450.
[17] N. Mehraban, H. S. Freeman, Materials 2015, 8, 4421–4456.
[18] I. O. Bacellar, T. M. Tsubone, C. Pavani, M. S. Baptista, Int. J. Mol. Sci.

2015, 16, 20523–20559.
[19] J. Zhao, K. Xu, W. Yang, Z. Wang, F. Zhong, Chem. Soc. Rev. 2015, 44,

8904–8939.
[20] M. C. DeRosa, R. J. Crutchley Coord. Chem. Rev. 2002, 233–234, 351–371.
[21] A. Schmitt, B. Hinkeldey, M. Wild, G. Jung, J. Fluoresc. 2009, 19, 755–758.
[22] A. Loudet, K. Burgess, Chem. Rev. 2007, 107, 4891–4932.
[23] Y. Cakmak, S. Kolemen, S. Duman, Y. Dede, Y. Dolen, B. Kilic, Z. Kostereli,

L. T. Yildirim, A. L. Dogan, D. Guc, E. U. Akkaya, Angew. Chem. Int. Ed.
2011, 50, 11937–11941; Angew. Chem. 2011, 123, 12143–12147.

[24] M. R. Momeni, A. Brown, J. Phys. Chem. A 2016, 120, 2550–2560.
[25] R. Lincoln, A. M. Durantini, L. E. Greene, S. R. Mart�nez, R. Knox, M. C.

Becerra, G. Cosa, Photochem. Photobiol. Sci. 2017, 16, 178–184.
[26] J. Zhao, K. Xu, W. Yang, Z. Wang, F. Zhong, Chem. Soc. Rev. 2015, 44,

8904–8939.
[27] N. Epelde-Elezcano, V. Mart�nez-Mart�nez, E. PeÇa-Cabrera, C. F. A.

G�mez-Dur�n, I. L. Arbeloa, S. Lacombe, RSC Adv. 2016, 6, 41991–41998.
[28] J. H. Gibbs, Z. Zhou, D. Kessel, F. R. Fronczek, S. Pakhomova, M. G. H.

Vicente, J. Photochem. Photobiol. B 2015, 145, 35–47.
[29] M. J. Ortiz, A. R. Agarrabeitia, G. Duran-Sampedro, J. BaÇuelos Prieto,

T. A. Lopez, W. A. Massad, H. A. Montejano, N. A. Garc�a, I. Lopez
Arbeloa, Tetrahedron 2012, 68, 1153–1162.

[30] K. Andersson, P. Å. Malmqvist, B. O. Roos, J. Chem. Phys. 1992, 96, 1218–
1226.

[31] A. Dreuw, M. Wormit, WIREs Comput. Mol. Sci. 2015, 5, 82–95.
[32] M. R. Momeni, A. Brown, J. Chem. Theory Comput. 2015, 11, 2619–2632.
[33] I. K. Petrushenko, K. B. Petrushenko, Spectrochim. Acta Part A 2015, 138,

623–627.
[34] E. A. Briggs, N. A. Besley, D. Robinson, J. Phys. Chem. A 2013, 117, 2644–

2650.

11ChemPhotoChem 2018, 2, 1 – 13 www.chemphotochem.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! ��

Articles

Wiley VCH Freitag, 19.10.2018
1899 / 122266 [S. 11/13] 1



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

[35] A. Prlj, L. Vannay, C. Corminboeuf, Helv. Chim. Acta 2017, 100, e1700093.
[36] M. Buyuktemiz, S. Duman, Y. Dede, J. Phys. Chem. A 2013, 117, 1665–

1669.
[37] A. D. Becke, J. Chem. Phys. 1993, 98, 1372–1377.
[38] R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54, 724–728.
[39] G. Mazzone, A. D. Quartarolo, N. Russo, Dyes Pigm. 2016, 130, 9–15.
[40] C. Adamo, D. Jacquemin, Chem. Soc. Rev. 2013, 42, 845–856.
[41] D. Jacquemin, A. Planchat, C. Adamo, B. Mennucci, J. Chem. Theory

Comput. 2012, 8, 2359–2372.
[42] B. Le Guennic, D. Jacquemin, Acc. Chem. Res. 2015, 48, 530–537.
[43] S. Chibani, B. Le Guennic, A. Charaf-Eddin, A. D. Laurent, D. Jacquemin,

Chem. Sci. 2013, 4, 1950–1963.
[44] O. Christiansen, H. Koch, P. Jørgensen, Chem. Phys. Lett. 1995, 243, 409–

418.
[45] D. E. Woon, J. T. H. Dunning, J. Chem. Phys. 1993, 1358–1371.
[46] C. H�ttig, F. Weigend, J. Chem. Phys. 2000, 113, 5154–5161.
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Corral*

1 – 13

The Role of Electronic Triplet States
and High-Lying Singlet States in the
Deactivation Mechanism of the
Parent BODIPY: An ADC(2) and
CASPT2 Study

Articles

Wiley VCH Freitag, 19.10.2018
1899 / 122266 [S. 13/13] 1



A.0.3 Insight into the optical properties of
meso-pentafluorophenyl(PFP)-BODIPY: an attractive platform
for functionalization of BODIPY dyes.

Martina De Vetta and Inés Corral
submitted, (2018).

• Martina De Vetta performed the calculations and analysis and contributed to initial draft
of the manuscript

• Inés Corral conceived the scope of the manuscript, supervised the developments and
contributed to the final manuscript

Submitted 29th November 2018.

93



 1 

Insight into the optical properties of meso-

pentafluorophenyl(PFP)-BODIPY: an attractive 

platform for functionalization of BODIPY dyes.  

Martina De Vetta,a,b and Inés Corral b,c,* 

 

 

a Institute of Theoretical Chemistry, Faculty of Chemistry, University of Vienna, 

Währinger Str. 17, A-1090 Wien, Austria 

b Departamento de Química, Universidad Autónoma de Madrid, c/ Francisco Tomás y 

Valiente 7, 28049 Cantoblanco, Madrid, Spain 

c IADCHEM. Institute for Advanced Research in Chemistry, Universidad Autónoma de 

Madrid, 28049 Cantoblanco, Madrid, Spain 

* Corresponding Author: 

email: ines.corral@uam.es 

 

 

 

 

 



 2 

ABSTRACT 

The pentafluorophenyl (PFP) moiety is an important and versatile substituent in the 

chemistry of BODIPYs, porphyrins and corroles. The widespread use of PFP meso-

substituted compounds, as intermediates in the synthesis of more complex pyrrole 

derivatives, is the motivation behind this work, which investigates the optical properties 

of the meso-PFP-BODIPY from a theoretical point of view. From the panoply of 

computational tools available for this purpose, we have considered the 

CASPT2//CASSCF multiconfigurational protocol, and other monoreference methods, 

including time dependent density functional theory, TD-DFT, the second order 

approximate couple cluster, CC2, and the algebraic diagrammatic construction scheme of 

the polarization propagator in its second order, ADC(2), indicated for the description of 

medium size chromophores, with a complex electronic structure. We have identified 

ADC(2) as the most suited method for the characterization of the absorption properties of 

BODIPYs. Besides its computational efficiency and the small dependence shown towards 

the basis set flexibility, the black-box character of this method assures unbiased results. In 

general, all the methods evaluated show a good performance when compared with 

experimental results, especially if implicit solvent effects are taken into account, 

delivering errors which amount to 0.05 eV. Finally, we discuss the effect of the electron-

withdrawing PFP substituent at the meso-position on the absorption and emission 

energies of the boron-dipyrromethene core. The comparison of the PFP-substituted and 

core BODIPY spectroscopic properties reveals that this substituent red-shifts both the 

absorption and the emission of the parent dye. On the one hand, the incorporation of this 

substituent was found to reduce the HOMO-LUMO gap, and on the other it induces a 

strong destabilization of the electronic ground state along the global coordinate leading 
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the system from the Franck-Condon region to the position of the first excited state, S1, 

minimum, suggesting the proximity of the S1/S0 internal conversion funnel.   

keywords: meso-substituted BODIPYs, ADC(2), CASPT2, absorption spectrum, 

emission.  

1. Introduction 

Boron-dipyrromethene (BODIPY) derivatives are extremely popular dyes. These 

chromophores are employed in many different fields ranging from material science [1–3] 

to biological applications such as bioimaging[4,5] or photodynamic therapy.[6–8] In fact, 

the possibility to rationally modulate the chemical, optical and photophysical properties 

of the parent BODIPY with appropriate substitution patterns,[9–11] is the origin of the 

great success of these compounds. The synthesis of novel derivatives, specifically 

designed for a target application, is therefore a very prolific field. Most commonly, 

BODIPY derivatives are synthetized via the one-pot two-step reaction schematically 

represented in Scheme 1, where the dipyrromethane precursor is first oxidized and then 

complexed using boron trifluoride etherate.[9,11]       

 

Scheme 1. Schematic one-pot two step synthesis of the meso-pentafluorophenyl BODIPY 

from its dipyrromethane precursor. The intermediate dipyrromethene compound is also 

reported. The characteristic meso, α and β positions on the core part of the BODIPY are 

highlighted in colors. The para- position on the aromatic substituent is also indicated. 
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It is remarkable that despite the synthesis of the first BODIPY was reported in 1968 [12], 

it took 40 additional years to synthesize for the first time the unsubstituted BODIPY 

core.[13,14] This has been ascribed to the high reactivity toward electrophiles and 

nucleophiles of the BODIPY scaffold where the electron density at the carbon atoms is 

polarized by the two nitrogen atoms of the pyrrolic units.[13] In addition, the 

dipyrromethene precursor is a highly unstable compound,[14] difficult to isolate unless 

appropriate substituents and synthetic strategies are adopted.[15–20] For example, the 

stabilization induced by the electron withdrawing PFP substituent allows the synthesis of 

α-monoalkoxy-substituted dipyrrins, [19] (recall atom labeling inherited from the  

BODIPY dipyrrin unit,[9] porphyrins and other porphyrinoids [21,22] in Scheme 1), from 

their dipyrrane precursor.  

Interestingly, the meso-(PFP)-dipyrromethane precursor, shown in Scheme 1, represents a 

versatile starting material for the synthesis of meso-substituted BODIPYs but also of 

trans-A2B2-porphyrins[23] or trans-A2B-corroles.[24] The electron-withdrawing PFP 

group at the meso position not only stabilizes the dipyrromethane scaffold but is also 

prone to react with a wide range of nucleophiles (e.g. amines, alcohols, thiols), selectively 

exchanging the fluorine atom at the para-position (recall Scheme 1).[25,26] This allows 

for the preparation of specific precursors, with the required chemical properties, for the 

final porphyrin or BODIPY derivative.[23] The nucleophilic substitution of 

dipyrromethane with polar amines and alcohols enables, for instance, the synthesis of 

porphyrinoids or BODIPYs with increased solubility in polar media intended for 

biomedical applications.[19,24] Besides the pre-functionalization of the dipyrromethane 

precursor, the post-functionalization of a PFP-substituted porphyrinoids or BODIPYs is 

also possible.[19,24,27] For example, the BODIPY reported in Scheme 1 can react with 

sodium azide leading to an azido functionalized derivative that is a potent unit to be used 
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in subsequent click-chemistry reactions.[23] Moreover, it is possible to combine α- and 

para-substitution to further tune the substitution pattern towards the desired 

application.[19,24,28]   

Thus, thanks to its multiple functionalization possibilities the meso-(PFP)-BODIPY is an 

important precursor and building block for the design of more complex BODIPY 

derivatives. In addition, it contains - as basic chromophore - the dipyrromethene unit 

which is part of most porphyrinoid macrocycles like porphyrins, chlorins, corroles, 

hexaphyrins and even higher homologues. Thus, it is the aim of this work to investigate 

the optical properties of the meso-(PFP)-BODIPY, exploiting the insight that only 

theoretical approaches can provide.  

To get the most out of this analysis we have predicted the absorption spectrum of this 

chromophore considering the effect of a solvent continuum or the configurational 

sampling of the most stable vibrational state of the electronic ground state. We have also 

assessed the performance of different computational protocols to discern which is the one 

providing the most satisfactory description of this family of dyes at the smallest 

computational cost. The scalability of the computational method of choice is in fact 

relevant for the screening of medium to large size BODIPYs derivatives with particular 

properties. [29] 

The most popular computational methods for the description of the photophysical 

properties of dyes can be primarily divided in two categories; i.e. wave function based 

methods and density functional theory (DFT). Within the first category, further 

classifications can be made considering the single- or multi-configurational character of 

the reference wave function. Despite the high computational demand of these methods, 

the continuous development of both hardware and software technologies for quantum 



 6 

mechanical calculations has allowed studying molecules of increasing size within this 

theoretical framework.[30–35] 

 One of the most popular multi-reference approaches for the characterization of the 

excited states of small to medium size dyes is the complete active space self-consistent 

field corrected with second-order perturbation theory CASPT2//CASSCF, that accounts 

for both static and dynamic correlation.[36] As for the single-reference methods, some of 

the most accepted are the second-order methods approximated coupled cluster singles and 

doubles CC2[37] and the algebraic diagrammatic construction scheme of the polarization 

propagator ADC(2)[38] that provide a balance between accuracy and computational cost. 

Finally, the time dependent derivation of DFT, TD-DFT, despite its limitations, is also 

highly appreciated for the computational efficacy demonstrated which allows to study 

relatively large molecular systems in contrast to the former methods and very particularly 

to the multireference approaches.[39,40]   

The absorption spectrum is one of the properties most recurrently studied from a 

computational perspective in BODIPYs, as many of the processes behind the direct 

application of BODIPYs in different fields are initiated by light absorption.[30–32,41] 

Most of these simulations rely on the vertical approximation and consider the equilibrium 

geometry of the electronic Ground State (GS) as the most representative conformation of 

the molecule in the lowest vibrational state of its electronic fundamental state. Even 

though the calculated vertical transition energies at the ground state equilibrium geometry 

do not have a one to one correspondence with any vibrationally resolved band of the 

experimental absorption spectrum, these calculations still represent a straightforward way 

to interpret the optical properties of these systems, avoiding the calculation of Franck-

Condon factors or the frequencies of the ground and excited states. [40,42–44] 
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A way to improve the simulation of the absorption spectrum is considering, besides the 

ground state equilibrium geometry, the contribution to the excitation process of other 

nuclear conformations participating in the ground state wave packet.[45,46] The simplest 

and probably the most reliable method for the sampling of the configurational/phase 

spaces to investigate both the absorption spectrum and the excited state dynamics is 

quantum sampling. Here, the ground state geometries of a system with N atoms are 

sampled according to their probability distribution in a given harmonic vibrational state. 

For the vibrational ground state, it is quite common to resort to an harmonic-oscillator 

Wigner distribution [47,48]. However, at room temperature (300 K) vibrational states 

other than the ground state, could also be populated, especially the ones with low 

vibrational frequencies . The following Wigner distribution  expression accounts for 

excited vibrational states populated under the harmonic approximation according to a 

Boltzmann distribution: 

(1) 

where the index  runs on the normal modes,  accounts for their reduced masses and the 

term  with  being the Boltzmann constant.[45]  

Besides the level of theory or the computational protocol employed, the prediction of the 

absorption properties is also influenced by solute-environment interactions which can 

stabilize or destabilize a particular excited state provoking respectively a red- or blue-

shift of the absorption/emission energies.[45,49–51] The use of implicit continuum 

solvation models, such as for instance the polarizable continuum model (PCM) [52] or 

the Conductor like screening model [53], allows accounting for the effect of the 

polarization of the solvent continuum and the screening of the partial charges of the 

solute in the excitation energies, either by considering the mutual influence of the 
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electrostatic fields of the solvent and the solute through an iterative approach, or by 

employing the scaled-conductor approximation. More sophisticated methods instead 

explicitly include the solvent at molecular detail in the calculation (explicit models), 

either using quantum mechanical or molecular mechanical [45,54–56] schemes. Finally, 

hybrid methods would combine explicit models for the first solvation shell(s) with the 

rest of the solvent being modelled implicitly.  

Finally, our work, also discusses the effect of the PFP substituent placed at the meso- 

position on the predicted vertical absorption and emission energies and on the topography 

of the potential energy surfaces of the unsubstituted parent compound. 

 

2. Computational Details 

The GS geometry of the meso-substituted BODIPY was optimized employing density 

functional theory (DFT), with B3LYP[57] as exchange and correlation functional and the 

triple zeta polarized Pople basis set 6-311G**.[58] 

The molecular absorption spectrum was computed convoluting the spectral lines of the 

first 10 excited states delivered by the different computational methods employed, except 

for the CASPT2/CASSCF multiconfigurational method where only 4 excited states have 

been calculated. For the second-order perturbation theory on complete active space self 

consistent field reference wave functions protocol (CASPT2//CASSSCF), able to account 

for both static and dynamic correlation, we considered the active space comprising 8 

electrons in 7 orbitals (8,7), reported in Figure S1. For such calculation, we have 

employed a double zeta Pople 6-31G* basis set,[58] an IPEA shift of 0.25 a.u.[59,60] and 

a 0.1 a.u. level shift.[61] The RICD approximation[62] to compute the integrals was also 

adopted. This level of theory was also the one employed for the computation of the 
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vertical absorption energies of the 100 structures selected from the ensemble of 1000 

geometries obtained by the harmonic oscillator vibrational sampling with a temperature 

dependent-Wigner distribution at 300 K, taking as input the harmonic frequency 

calculation undertaken at the same level of theory of the geometry optimization (DFT, 

B3LYP/6-311G*). The existence of low frequency modes, like BF2 oscillation or the 

rotation of the meso substituent, make opportune the use of a temperature dependent-

Wigner distribution, that would account for the population of excited vibrational states for 

these modes at room temperature. 

The performance of the monoconfigurational second order methods, like the algebraic 

diagrammatic construction for the polarization propagator ADC(2)[38] and the singles 

and doubles coupled cluster approximation CC2,[37] with the aug-cc-pVDZ basis set[63] 

in the prediction of the absorption properties of this system was also assessed. For the 

ADC(2) method, the effect of the basis set size in the absorption energies was also 

evaluated and the aug-cc-pVDZ,[63] def-TZVP[64] and def-SVP[64] were considered. 

Finally, the monoconfigurational time dependent density functional theory (TD-DFT) 

spectra, considering (i) standard hybrid B3LYP,[57] PBE0,[65] functionals, (ii) the long-

range corrected xc-functional, CAM-B3LYP,[66] (iii) the range separated functional 

wB97XD[67] which also accounts for dispersion corrections and (iv) the highly non-

local functional M06-2X[68] were also analyzed. The basis set employed in all TD-DFT 

calculations was 6-311++G(d,p).[58] The TD-DFT results have been processed with the 

wave-function analysis software TheoDORE[69] and the so obtained Natural Transition 

Orbitals (NTOs) analyzed with the Jmol software package.[70] NTOs are derived from 

the transition density matrix and represent in a more compact manner the orbital nature 

of a particular electronic transition, especially when several configurations with a 

significant weight take part in the electronic excitation. In such orbital representation, the 
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occupied and virtual orbitals are the result of a linear combination of the canonical MOs 

that contribute to the configurations underlying the electronic excited state. [71,72] 

Solvent effects have been incorporated through the reoptimization of the equilibrium 

structure at DFT level with the polarizable continuum model (PCM)[52]. An epsilon 

value of 24.3 and a refracting index of 1.36 were used for the simulation of the spectra in 

ethanol. The effect of the polarization of the solvent on the ADC(2)/def-TZVP energies 

was instead simulated with the conductor like solvent model (COSMO) as implemented 

in Turbomole.[73] All the absorption spectra have been obtained by the convolution of 

the calculated spectral lines with Gaussian functions with full width at half maximum of 

0.20 eV. Vertical energies at the FC region for the first 3 triplet excited states have also 

been computed at the ADC(2)/def-TZVP level of theory. Finally, we have also optimized 

the first singlet excited state in gas phase to compute vertical and adiabatic emission 

energies at the CC2 and ADC(2) level of theory with def-TZVP basis set. The CC2 and 

ADC(2) calculations were performed adopting the resolution of identity approximation 

for the calculation of four-center integrals.[74] All the DFT and TD-DFT calculations 

have been performed with the Gaussian09 software package.[75] The CC2 and ADC(2) 

calculation were carried out using the ricc2 module implemented in Turbomole-7.0[76] 

and the multi-reference calculations were undertaken with the Molcas 7[77] software.    

  

3. Results 

3.1. Benchmark of the computational protocol 

The method that has been more intensively used in recent years to compute the optical 

properties of BODIPY derivatives is unequivocally TD-DFT.[40–44,78,79] Despite the 

accuracy of TD-DFT is known to be bound to the exchange and correlation functional 
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chosen, this method is, in fact, very convenient when BODIPYs carrying large substituents 

are studied, given its valuable scalability and computational efficiency.[32,41,79] As a first 

step in our study, we will discuss the absorption spectra predicted for meso-PFP-BODIPY 

by some of the most popular xc-functionals employed for BODIPYs. 

From Figure 1a, two groups of spectra can be recognized, attending to the type of functional 

employed for the excited state calculation. The first group consists of the standard hybrid 

functionals B3LYP[57] and PBE0;[65] the second group instead, includes more 

sophisticated functionals, such as the long-range corrected CAM-B3LYP,[66] the range 

separated wB97XD[67] and the highly non-local M06-2X.[68] 

 

Figure 1. (a) Meso-PFP-BODIPY absorption spectra convoluting the first 10 electronic 

transitions computed at the TD-DFT level of theory with the xc functionals reported in the 

legend and 6-311+G(d,p) basis set. (b) Comparison of the experimental spectrum [80] with 

the theoretical spectra computed with the xc-functionals PBE0 and M06-2X. All the spectra 

are normalized. 
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Besides being strongly underestimated (0.55 eV), the energy of the main absorption band, 

characteristic of BODIPYs, does not show a strong dependence on the type of functional 

employed.[79] It is clear from Figure 1b, that the high-energy part of the absorption 

spectrum is, however, rather different depending on the class of functionals evaluated. 

Although the intensity of the second absorption band is overestimated by both classes of 

functionals, the M06-2X[68] functional, and in general all the functionals belonging to the 

second group, predict a specially high probability for the excitation at 4.42 eV, 

corresponding to the S4 excited state. Table 1 also shows that the experimental second band 

convolutes three bright electronic transitions if PBE0[65] is used, whereas only two bright 

excitations are calculated in this energy range by the M06-2X[68] xc-functional.  

Table 1. Characterization of the first two bands of the absorption spectra at the TD-DFT 

level of theory with the PBE0 and the M06-2X functionals.  

PBE0 

 Exc. E (eV) f Config. Weight 

1st Band S1 2.97 0.3700 

H      L 

H-1    L 

92.2% 

7.8% 

2nd Band 

S2 3.53 0.0941 

H-1    L 

H       L 

91.6% 

7.9% 

S5 3.97 0.1725 H-4     L 97.3% 

S6 4.45 0.0389 H     L+1 99.1% 

M06-2X 

 Exc. E (eV) f Config. Weight 

1st Band S1 2.94 0.4279 

H      L 

H-1    L 

96.7% 

2.8% 

2nd Band S2 3.86 0.0941 

H-1    L 

H       L 

96.1% 

3.1% 
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 S4 4.42 0.1725 H-4     L 96.1% 

 

Also interestingly, despite both functionals predict the same character for the S1 and S2 

transitions, with orbitals localized on the BODIPY core, and similar energies for the first 

transition, PBE0 calculates the S2 excitation to be 0.33 eV more stable than M06-2X. Such a 

difference can be understood examining the configuration weights in the wave function or 

more visually by inspecting the natural transition orbital (NTO) pairs corresponding to this 

excitation for the two functionals reported in Figure 2.  Consistently with the character of 

the S2 wavefunction (recall Table 1), the comparison between the PBE0 and M06-2X 

occupied NTO and canonical orbitals (See Figure 2 and S2) reveals the more important 

contribution of the HOMO orbital in the S2 transition for the former than for the latter, and 

thus would possibly explain the red shift of the band.  

 

Figure 2. NTOs for the bright states of the first and second absorption band computed with 

PBE0 and M06-2X functionals. The phases of the occupied orbitals are reported in blue/red 

while for the virtual ones yellow/green colours have been used. For the S1, S2, S4 and S5 the 

virtual orbital is the same and is reported only in the S1 panel for clarity.  
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The S5 and S6 excitations in PBE0 and the S4 transition with M06-2X in contrast have a 

markedly charge transfer (CT) character. Whilst the PBE0 S5 and M06-2X S4 states consist 

of an electron transfer from the aromatic ring of the meso substituent to the BODIPY core; 

the reverse process if observed for the PBE0 S6 electronic transition, where an electron is 

promoted from the BODIPY core to the substituent. Given the nature of these transitions, it 

is not surprising that the two groups of functionals predict different results for the high-

energy part of the spectrum. In fact, it is well known that standard hybrid functionals, such 

as PBE0, strongly underestimate the energy of CT excitations, due to their impossibility to 

correctly reproduce the 1/r (with r denoting the nucleus-electron distance) behavior [81,82] 

and the missing derivative discontinuities [83]. This problem is, however, partially 

circumvented upon introducing long range corrections or when resorting to more advanced 

functionals like M06-2X which together with other Minnesota functionals, such as M05-2X 

and M06-HF were found to perform reasonably for charge transfer transitions[68]. In fact, 

the M06-2X functional is able to qualitatively reproduce the shape of the high energy region 

of the experimental absorption as showed in Figure 1b, despite the 0.5 eV shift to higher 

energies and the differences in the relative intensities of these bands predicted by theory. 

The standard hybrid functional PBE0, in turn, underestimates the energy of the S2 excited 

state, lying this band too close in energy to the main absorption feature (compare the ES1-

S2=0.56 eV in PBE0 vs. 0.92 eV in M06-2X and 0.91 in the experiment).   

Figure 3 compares the absorption spectrum calculated with TD-M06-2X with that 

calculated with the other two monoconfigurational methods included in our survey, the 

popular second-order monoconfigurational methods, CC2 and ADC(2). We have also 

considered the effect in the shape and energy of the absorption spectrum of static correlation 

through the multiconfigurational method CASSCF, corrected via its second order 
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perturbation variant MS-CASPT2, through which dynamical correlation is as well 

introduced.   

The major drawback of the CASPT2/CASSCF method is the definition of a computationally 

affordable active space, which at the same time provides an accurate description of the 

electronic structure of medium/large molecules and/or of a certain complexity. And this 

problem becomes even more crucial if excited state optimizations are required. 

 

 

Figure 3. Comparison of the performance of several mono- and multiconfigurational 

methods (reported in the legend) taking as a reference the experimental spectrum recorded 

in ethanol. [80] 

 

The examination of Figure 3 reveals that the MS-CASPT2 spectrum, normally taken as a 

benchmark,[32] does not provide the best agreement with the experimental reference. In 

fact, the CASPT2/CASSCF first band, which shows a remarkable overlap with CC2, 

deviates by 0.4 eV to higher energies with respect to the experimental value lying at 2.41 

eV.  The reduced size of the active space employed for the prediction of the MS-CASPT2 

spectrum, not comprising the full valence  space, is actually at the origin of the 

discrepancy of this method with the experimental results. In fact, enlarging the active space 
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to (12,11) so that it includes all the π orbitals of the core part of the BODIPY[84] results in 

a better comparison with the experiment. The main absorption feature S1 calculated with the 

larger active space appears at 2.64 eV and 2.49 eV in the CASSCF and MS-CASPT2 

spectra, respectively, reducing the error with respect the experimental value to 0.23 and 0.08 

eV. Despite this reduction in the errors, the active space does not yet contain all the π 

orbitals of the meso-PFP-BODIPY and, for example, there is probably still room for the 

improvement in the description of the CT excitations. Moreover, gradient calculation using 

the extended (12,11) active space implies a considerable increase in the computational cost 

of the calculations and for this reason in the following only the calculations performed with 

the smaller (8,7) AS will be discussed. Besides that, it should also be noticed that the 

spectra represented in Figure 3 rely on the vertical approximation and neglect the effect of 

the solvent.  The most accurate prediction (leaving aside the CASPT2 calculation on 

CASSCF(12,11) wave functions), at least in what refers to the first absorption band, is 

provided by the ADC(2) method, which calculates the S1 absorption of the meso-PFP-

BODIPY at 2.63 eV with an error of 0.22 eV relative to the experimental value. This 

agreement is, however, not extensive to the prediction of the relative intensities of the 

transitions. In fact, the preferred method for the prediction of excitation energies very 

importantly overestimates the oscillator strengths beyond the S1. Despite the shift of the 

CASPT2 absorption bands and the reduced number of electronic excited states considered 

in the calculation, the CASPT2//CASSCF is the method among all the protocols considered 

which better reproduces the relative intensities of the first absorption band with the high-

energy region of the spectrum.  

Both ADC(2) and MS-CASPT2 predict the S1 excitation to be mainly due to a HOMO-

LUMO transition (with 83.3% and 71.1% configuration weights, respectively) with the 

second most important configuration being HOMO-1-LUMO (with weights of 12.2% and 
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11% for ADC(2) and CASPT2). The second most stable bright state S2 presents a 

complementary character relative to the S1: for ADC(2), the main contribution arises from 

the HOMO-1-LUMO transition with a weight of 82.3% followed by a 13.1% contribution 

from the HOMO-LUMO transition. In the case of the multiconfigurational method 

CASPT2, the HOMO-1-LUMO transition has a weight of 56.5% in the total wavefunction, 

with a 10.7% contribution from the HOMO-LUMO transition and an additional contribution 

(19%) from a double excitation involving the HOMO-2, the HOMO and the LUMO 

orbitals. The higher lying CT excitation is also predicted at the ADC(2) level of theory to be 

rather monoconfigurational, with the HOMO-4-LUMO transition contributing most to the 

wavefunction (91.7%). However, such an excitation was not computed at the CASPT2 level 

of theory for which only four excited states have been considered. The CC2 method predicts 

almost the same wavefunctions as ADC(2), with configurational weights that differ at most 

by 2%.   

For the purpose of improving our CASPT2 description of the meso-PFP-BODIPY 

absorption spectrum and, thus, to achieve an accurate assignment of the experimental 

absorption bands, we have abandoned the vertical approximation and calculated the semi-

classical spectrum at the MS-CASPT2 level of theory. Despite the blue-shift of the 

absorption energies calculated by CASPT2, Figure 4a shows a very reasonable agreement 

between the CASPT2 and the experimental spectrum in the energy range comprised 

between 1.75 eV and 5 eV, covered by the first four electronic states considered in the 

calculation. From the spectrum decomposition, we observe that the first experimental 

absorption band fully arises from the first excited state S1, which is the characteristic 

HOMO-LUMO transition of the BODIPY family. The second experimental band, which 

presents two maxima at 3.33 and 3.80 eV, corresponds to the electronic excited states S2 

and S3. The S2 excited state main contribution arises from the HOMO-1-LUMO transition 
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with minor contributions from HOMO-LUMO, HOMO-2-LUMO and a double excitation 

involving the promotion of two electrons from the HOMO-2 and the HOMO to the LUMO 

orbital. Finally, the S3 state presents mainly a HOMO-2-LUMO character, with smaller 

contributions from the HOMO-1-LUMO and the HOMO-LUMO transitions. Also for this 

state, a double excitation contributes to the overall wavefunction, corresponding to the 

promotion of two electrons from the HOMO and the HOMO-1 to the LUMO.  

This decomposition actually coincides with the assignment provided by the FC ADC(2) and 

CASPT2 spectra. 

 

Figure 4. Semiclassical MS-CASPT2/6-31G* absorption spectrum (shifted by -0.36 eV) 

superimposed to the decomposition of the different excited state contributions and the 

experimental spectrum [80] (a) and comparison of the FC line spectra calculated at the MS-

CASPT2/6-31G* and ADC(2)/aug-cc-pVDZ levels of theory with the corresponding 

spectral lines (b).  
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From the comparison of the semiclassical spectrum, (Figure 4a) obtained by the Wigner 

distribution of the most stable vibrational states of the electronic ground state, and the FC 

spectrum, (Figure 4b) based on the sole geometry of the GS minimum, we observe that 

besides the natural broadening of the absorption bands arising from the consideration of 

geometries other than the FC, the center of absorption bands also experiences a small red-

shift (0.05 eV).  

Now that it has been established the superiority of the ADC(2) method in the description of 

the optical properties of meso-substituted BODIPYs, we would like to consider the effect of 

additional factors, e.g. basis set and solvation, on the quality of the theoretical spectrum. 

The use of a monoreferential method is advantageous because of its black box nature: the 

results are not influenced by the number of excited states calculated or by the active space 

selected. Such features are particularly valuable for the search of BODIPY derivatives with 

specific photophysical properties, where the effect of a large number of substituents on the 

optical and photophyical properties of the dye has to be evaluated. 

So far the assignment of the absorption spectrum of meso-PFP-BODIPY calculated with the 

ADC(2) method combined with an augmented correlation consistent double zeta basis set 

(aug-cc-pVDZ, 679 basis functions (2300 auxiliary basis functions for the RI formalism)) 

has been discussed. In the following, we will report on the influence of the flexibility of the 

basis set on the results. Our survey includes the Karlsruhe basis def-SVP (405 basis 

functions (1465 auxiliary basis functions)) and def-TZVP (536 basis functions (1571 

auxiliary basis functions)), which similarly to the Dunning basis, include diffuse functions.  

As shown in Figure 5a, the effect of the basis set on the absorption spectrum of the 

BODIPY derivative is not significant. For the first main absorption band of BODIPYs, there 

is 0.07 eV difference between the energies calculated with the def-SVP and the def-TZVP 
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basis sets. As for the high-energy region of the spectrum, larger differences (0.1 eV) 

between the energies calculated with the three basis sets considered in our survey were 

identified.  

As expected, the most flexible basis set, def-TZVP, delivers the smallest error for the S1 

absorption, and calculates the first transition 0.21 eV blue-shifted with respect to the 

experimental curve recorded in ethanol. This energy difference is reduced to only 0.05 eV, 

as showed by Figure 5b, when solvent effects are introduced via the implicit conductor like 

screening solvation model (COSMO). The effect of the solvent, though, is not 

homogeneous for all the absorption bands. The red-shift registered for the first absorption 

band, which amounts to 0.16 eV, is much more pronounced than for the second band where 

the energy difference between the gas phase and solvated spectra is only 0.03 eV, 

consistently with the dipole moments of these transitions, (see Table S1). Moreover, there is 

a redistribution of the absorption intensity between the second (S2 transition) and third (S5 

transition) absorption bands. Upon solvent inclusion, the S5 excited state, which has a CT 

character, overpasses in intensity the local ππ* S2 excitation, reversing the gas phase 

probability of these two transitions. Also consistent with its lower polarity compared to the 

GS (recall Table S1), the third band (S5 transitions) also experiments a significant red-shift 

compared to the gas phase situation, which amounts in this case to 0.35 eV.  The differences 

between the gas phase and solution spectra in the high-energy region cannot be exclusively 

ascribed to the effect of the mutual influence of the polarized solvent and excited solute, but 

also to a change in the electronic excitation. In fact, whilst in the gas phase the occupied 

orbitals involved in the transitions and corresponding to the second and third excited states 

are confined on the core part, these orbitals are more delocalized in solution. 
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Figure 5. Effect of the basis set size (a) and of ethanol solvent (COSMO implicit solvation 

model) (b) on the absorption spectrum of the meso-PFP-BODIPY. The level of theory 

employed for these simulations is indicated in the legend. 

 

3.2 Effect of the meso-PFP group in the absorption spectrum 

 

Figure 6. Comparison of the computed absorption spectra of the meso-PFP-BODIPY and 

the parent compound at the ADC(2)/aug-cc-pVDZ level of theory. [84] 
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Figure 6 collects the absorption spectra calculated for the core and the meso-PFP substituted   

BODIPYs. The functionalization at the meso position with the aromatic substituent 

introduces a red shift (0.15 eV) in the first absorption bands of the spectrum of the BODIPY 

core, even though this transition arises from the promotion of electrons between orbitals 

confined on the core part of the BODIPY.  

Such effect has been already discussed in other works analyzing meso-substituted 

BODIPYs [30,85–87] and has been ascribed to the stabilization of the LUMO orbital, which 

is partially localized on the meso carbon, induced  by electron-withdrawing groups such as 

the PFP (see Figure 2). This would reduce the HOMO-LUMO gap, decreasing the 

excitation energy corresponding to such electronic transition. 

The second band is also shifted (0.23 eV) towards lower energies in the meso-substituted 

BODIPY compared to the parent BODIPY absorption spectrum, whilst the transition 

peaking around 5.3 eV does not seem to be affected by the substitution at the meso position. 

Interestingly, a new feature, not present in the core BODIPY absorption spectrum, arises for 

the meso-substituted compound. This transition (S5) has actually its origin in the CT 

excitation discussed in the previous section, responsible for the transfer of electron density 

from a π orbital localized on the substituent to the core of the dye.  

In many cases, the effect of the substituents on the electronic excited states of a particular 

multiplicity cannot be extrapolated to excited states of different spin.[8] In the following, 

we will compare the energies and character of the lowest lying triplet excited states of the 

parent compound and its meso substituted derivative. 

Table 2. FC relative energies (in eV) calculated at the ADC(2)/def-TZVP level of theory of 

the first spectroscopic state and the three lowest lying triplet excited states of parent 

BODIPY and the meso-PFP-BODIPY. The singlet-triplet (S1-Tn) energy gaps are reported 

in eV in parenthesis.  
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 parent BODIPY meso-PFP-BODIPY 

S1  2.78 eV 2.62 eV 

T1 (ππ*) 1.92 eV (0.72 eV) 1.82 eV (0.79 eV) 

T2 (ππ*) 3.11 eV (0.47 eV) 2.93 eV (0.32 eV) 

T3 (ππ*) 3.31 eV (0.67 eV) 3.16 eV (0.55 eV) 

 

From the examination of Table 2, we observe that the meso substituent stabilizes by 0.1- 0.2 

eV both the lowest lying singlet and triplet states compared to the parent compound. Thus, 

the calculated S1-Tn energy gaps (ΔES-T) are rather similar for the 2 compounds. Singlet-

triplet intersystem crossing is of interest for several BODIPYs applications that exploit the 

population of the triplet excited states [8,88–90] of the dye, e.g. photodynamic therapy,[6,7] 

triplet-triplet annihilation conversion,[91–93] etc. Similarly to what found for the parent 

compound, the second triplet state T2 of the meso-PFP-BODIPY is the closest triplet to the 

S1. The proximity of these electronic states at the FC region, however, does not grant the 

existence of real singlet triplet energetically accessible funnels between these electronic 

states in other regions of the PES.  

For the parent BODIPY compound, the S1/T2 crossing is accidentally the most plausible 

funnel for the transfer of population to the triplet manifold from the S1 minimum, where the 

population is redirected following electronic excitation and which is responsible for the 

fluorescence properties of the dye. [84] But it cannot be excluded that the meso substituent 

sculpts the parent BODIPY excited state potential energy surface activating other funnels 

along the relaxation pathway of the S1. 

Nevertheless, the coupling between the singlet and triplet states is expected to be small 

because of the character of the excitations from the two multiplicities, as it was found for 
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the parent compound. According to the El-Sayed rules [94], in fact, states with same 

character, like this case, would show small spin orbit coupling values and therefore small 

probabilities of population transfer to the triplet manifold.  

According to our ADC(2)/def-TZVP calculations, the S1 minimum of PFP-substituted 

BODIPY, would be located 2.38 eV above the ground state equilibrium structure, that is 

0.25 eV below the FC value. The opposite behavior is, however, observed along the S1 

relaxation coordinate for the S0, leading to a S1 vertical emission energy, which amounts to 

1.92 eV. This value is significantly smaller than the vertical emissions predicted by the 

monoreferential second-order method CC2, and the multiconfigurational methods CASSCF 

and CASPT2 with the 6-31G* basis set which amount to 2.16 eV, 2.58 and 2.52 eV, 

respectively. The adiabatic S1min-S0 energies for these methods are instead 2.52, 2.83 and 

2.98 eV for CC2, CASSCF and MS-CASPT2, respectively.  

According to the calculated S1-Tn energy gaps at the position of the S1 minimum, the triplet 

excited states to be most likely populated from the spectroscopic state minimum are the T1 

and T2 (ΔES-T = 0.38 eV).  

For the parent compound, the minimum of the spectroscopic state at the ADC(2)/def-TZVP 

level of theory lies 2.55 eV relative to the GS minimum. Thus, this corresponds to an 

energetic stabilization of 0.23 eV for S1 excited state relative to the FC region, similarly to 

the meso-substituted compound. The destabilization of the fundamental state S0 in the 

parent compound along the S1 relaxation coordinate is, however, less pronounced resulting 

in a greater vertical emission energy of 2.32 eV. As for the S1-Tn energy gaps, the S1-T1 

energy gap calculated for the parent compound is 0.6 eV, [84] which is larger than the one 

found for the meso-substituted BODIPY (0.38 eV). The T2 state is the closest triplet to the 

S1 minimum in the parent compound with an energy gap of 0.4 eV.[84] The comparison of 
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the vertical absorption and emission energies for the two BODIPYs discussed in this 

Section is summarized in Scheme 2. 

 

 

Scheme 2. Scheme collecting the vertical absorption and emission energies of the meso-

substituted and the parent BODIPY.   

 

The greater destabilization of the GS along the S1 relaxation coordinate registered for the 

meso-substituted derivative, suggests the proximity of a radiationless deactivation funnel 

S1/S0. The most probable deactivation mechanism, and specifically the competition between 

fluorescence and internal conversion, has been extensively discussed for meso-substituted 

BODIPYs in the literature. [34,35,86,87,95] Substituents that link through an sp2 carbon to 

the meso position of the BODIPY scaffold, e.g. and aromatic ring, were found to quench the 
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fluorescence quantum yield of these dyes, and thus to favor the deactivation through 

internal conversion processes.[34,86,87]  

 

4. Conclusions 

In this work we have explored the optical properties of the meso-PFP-BODIPY, as a 

representative of other meso-PFP compounds employed as intermediates in the synthesis 

of biologically relevant macrocycles such as trans-A2B2-porphyrins. The absorption 

spectrum of this compound was computed in the framework of the popular TD-DFT 

formalism using two different classes of xc-functionals. From our analysis, we conclude 

that the accuracy of the TD-DFT absorption energies is bound to the character of the 

excited state and thus depend very much on the electronic structure of the compound 

under scrutiny.  In this work, we have also assessed the performance of other methods in 

the prediction of the photophysical properties of this species. Namely, we have included 

the CC2, ADC(2), CASSCF and MS-CASPT2 in our survey. Interestingly, we have 

found that ADC(2), besides having the advantage of being a black-box method, also 

predicts more accurate energies than CASPT2, in particular when reduced active spaces 

have to be considered due to the complexity of the systems. Switching from the vertical to 

a semi-classical approximation within the CASPT2 framework, allows the natural 

broadening of the absorption bands simultaneous to the slight red shift of the absorption 

band centers, improving this way the agreement with the experiment. 

An improvement of the agreement between the most accurate ADC(2) spectrum with the 

experiment is also achieved after implicitly introducing solvent-solute interactions, whilst  

the flexibility of the basis set size does not seem to affect the quality of the spectrum in a 

significant way.  
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From the comparison of the spectra of the core BODIPY and the BODIPY derivative, we 

conclude that PFP substituent at the meso position red shifts the lowest energy absorption 

bands by 0.15-0.2 eV, due to the stabilization of the LUMO orbital. Also interestingly, 

the calculated S1-T1 and S1-T2 energy gaps at the position of the S1 minimum in the meso-

PFP substituted BODIPY are considerably smaller than the ones calculated for the 

unsubstituted derivative.  

Moreover, the destabilization of the S0 at the position of the S1 minimum is greater in the 

substituted derivative, suggesting the proximity of the S1/S0 conical intersection.  The 

potential accessibility of the S1/S0 and the small couplings expected between the singlet 

and triplet states because of their similar character according to the El-Sayed rules [94] is 

consistent with the quenching of the fluorescence and the enhancement of internal 

conversion processes observed in BODIPY derivatives substituted at the meso position 

with unsaturated or aromatic groups. 
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Hydrogen Bonding Regulates the Rigidity of Liposome-
Encapsulated Chlorin Photosensitizers
Martina De Vetta,[a, b] Leticia Gonz#lez,*[a] and Juan J. Nogueira*[a]

1. Introduction

Photodynamic therapy is a treatment that exploits the interac-
tion of light with a photosensitive drug in the presence of mo-

lecular oxygen.[1–3] Such an interaction produces cytotoxic reac-
tive oxygen species that may induce the death of the targeted

tumor cells.[4, 5] The advantage of photodynamic therapy lies in
its potential to achieve high selectivity towards the diseased

tissues through the following therapeutic mechanism: the

drug is administered to the patient and, after a specific inter-
val, in which the drug accumulates in the tumor tissues, the in-

terested region is irradiated with a source of light with appro-
priate wavelength.[2, 3, 5] Chlorin derivatives are second-genera-

tion photosensitizers widely employed in approved clinical
treatments and also in clinical trials.[1, 6, 7] These compounds are
porphyrin-based species,[8] in which one of the double bonds

has been reduced to enhance the light absorption at lower en-
ergies,[9] in the so-called therapeutic window.[4] The best per-
formance of second-generation photosensitizers over first-gen-
eration photosensitizers is well illustrated when comparing Te-

moporfin (mTHPC) to PhotofrinS, with the former being 100
times more photoactive than the latter.[10, 11]

However, porphyrin derivatives present several disadvantag-
es, especially at the time of administration into patients. In

polar media, like water or blood, porphyrins tend to form ag-
gregates,[11, 12] which are less photoactive[13] and considerably

diminish the efficacy of the treatment.[14] This is the case for

mTHPC (see Figure 1 a), currently employed in photodynamic
therapy to treat certain types of cancer and precancerous con-

ditions.[11, 15, 16] This drug is nowadays administrated as FoscanS
(biolitec pharma Ltd.) within an ethanol/propylene glycol mix-

ture and it has shown aggregation and precipitation phenom-
ena at the moment of injection, when the photosensitizer
enters the blood stream. Liposomes have been identified as

valuable nanocarriers of hydrophobic drugs, favoring the accu-
mulation of the photosensitizer in the tumor tissues and solv-
ing the solubility issue in the administration phase of the treat-
ment.[17] As shown in Figure 1 b, liposomes consist of an assem-

bly with a hydrophilic inner cavity formed by the phosphate
groups of the lipids, which contains water inside, a hydropho-

bic inner part of the double layer formed by the alkyl chains,
and an outer polar spherical surface also formed by the phos-
phate groups.

The efficacy of liposomal formulations of chlorin derivatives
has been demonstrated for mTHPC, in which the drug has

been embedded in the non-polar region of the liposome, as it
is the case of the FoslipS formulation. First, these formulations

solve the solubility problem, providing an easier administration
of the drug to the patient, as the final product can be dis-
persed in water and administrated orally, intravenously, or

through skin permeation.[18, 19] Second, FoslipS and other lipo-
some formulations show a higher efficiency with respect to

FoscanS, presenting a larger selectivity for tumor tissues with
respect to healthy ones and provoking faster dissociation of

Liposomal formulations facilitate the administration of hydro-
phobic drugs, avoiding precipitation and aggregation phenom-

ena when injected in polar solvents. The integration of the

photosensitizer into the liposome may alter the fluidity of the
system and, thus, modify the delivery process of the drug.

Such a change has been observed for the liposomal formula-
tion of Temoporfin, which is one of the most potent chlorin

photosensitizers employed in photodynamic therapy. Here, all-
atom molecular dynamics simulations have been performed to

identify the nature of the intermolecular interactions that
might be responsible of the different lipids freedom of motion

when the drug is introduced in the bilayer. It is found that Te-

moporfin participates as a hydrogen donor in strong hydro-
gen-bonding interactions with the polar groups of the phos-

pholipids. The theoretical analysis suggests that the rigidity of
drug/liposome complexes can be modulated by considering

the different hydrogen-bond ability of the photosensitizer and
the carrier material.
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the tumor cells, which results in more effective growth inhibi-
tion.[17, 20–23] More importantly, liposomal formulations of Temo-
porfin do not manifest any dark toxicity.[21, 24] Finally, the liposo-

mal formulation ensures the presence of the drug in its mono-
meric form, which is the most photoactive species.[25, 26]

The factors that most influence the success of a liposomal
formulation are the loading capacity of the carrier and the re-

lease of the drug to the targeted cells, that is, the actual deliv-

ery process. Both factors are regulated by the interactions be-
tween the vehicle material and the drug. To provide an opti-

mal formulation, such interactions should be of medium
strength so that the drug is safely hosted in the carrier, but its

release is not hindered. Intermolecular interactions, therefore,
play a very important role in the transport and delivery of the

drug,[27] and the elucidation of the nature of such interactions
is relevant to design nanocarriers with optimal properties.

Different molecular compositions for possible mTHPC liposo-
mal formulations have been investigated by differential scan-

ning calorimetry and electron spin resonance spectroscopy.[28]

The latter has shown that the photosensitizer is located in the
hydrophobic part of the double layer and that its presence
hinders the motion of the phospholipids, giving more rigid
vesicles.[28] Thus, the drug–lipid interactions lower the molecu-
lar motion of the phospholipids. However, the nature of these
interactions, responsible for the high loading capacity of the
carrier and its different fluidity is unknown.

Coarse-grained methods are typically used to investigate the
structural behaviour of loaded and pure liposomes.[29, 30] How-
ever, these methods are not able to provide atomistic details,

such as interatomic interactions responsible for the final struc-

tural properties of the system. Therefore, in this work, we have
performed all-atom classical molecular dynamics simulations to

unveil the nature of the lipid–drug interactions that might be
relevant in the liposomal formulation FoslipS as a model for

chlorin-based photosensitizers. We show that hydrogen bond-
ing between the photosensitizer and the phosphate heads of

the lipids is the main interaction responsible for the large load-

ing capacity of the carrier and the different mobility shown by
the phospholipids in calorimetric experiments and electron

spin resonance measurements.[28, 31]

2. Results and Discussion

2.1. Convergence to a Steady State

The first step in any molecular dynamics simulation of a large

system is to obtain an equilibrated structure. However, this is
very hard to achieve in liposomes of small size, which are

metastable systems that converge very slowly to a steady

state.[32] Liposomes with diameters smaller than 20 nm have a
very high propensity to fuse with other liposomes, forming

larger vesicles such that the stress imposed by the high curva-
ture of small spherical shapes, which constrains the lipids to

be very tightly packed, is released.[33] Therefore, the relatively
small-sized liposome modelled in this work (diameter of

12.6 nm; see Figure 2 a) undergoes very strong curvature ef-
fects, which influence the packing of the phospholipids and

make equilibration very difficult.
Commonly, coarse-grained methods are employed to study

lipid vesicles, allowing larger sizes (20–34 nm of diameter) and

longer simulation times,[32, 34] at the price of losing atomistic in-
sight. Even in such cases, the definition of a true steady state

is extremely difficult and requires simulation times that can
reach hundreds of microseconds.[34] Achieving a true equilibrat-

ed structure, in fact, would require the simulation of phenom-

ena like the flip-flop of phospholipids between the inner and
outer shell of the double layer as well as water exchange be-

tween the inner cavity of the liposome and the surrounding
solvent.[32]

In this work, we have monitored two parameters to analyze
the structural quasi-equilibration of the system: the area per

Figure 1. a) Structure of the simulated liposome; the mTHPC molecules are
represented in red, the phosphate groups of the DPPC and DPPG molecules
are represented in blue and cyan, respectively, whereas the alkyl chains are
pictured in grey. The structure has been clipped to show also the inner layer
of the double layer. The structural formula of the two phospholipids 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphorylglycerol sodium salt (DPPG) and the Temoporfin (mTHPC)
photosensitizer are shown. b) Schematic representation of the structure of a
liposome and of a phospholipid, highlighting the polar head and the hydro-
phobic tails.
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lipid AL of the two layers of the membrane and the hydration
number of the polar heads of the phospholipids. These two

properties converge very slowly to a steady value in flat lipid

membranes and are, therefore, employed as criteria to define
the equilibrium of the system.[35] The area per lipid AL has been

calculated considering the two spherical surfaces formed by
the phosphorus atoms of the polar heads of the lipid chains,

as shown in Figure 2 a. The radius of such spheres was calculat-
ed at intervals of 0.5 ns along the heating simulation in the

canonical ensemble (constant number of atoms, volume and
temperature [NVT]) and at intervals of 10 ns along the simula-

tion in the isothermal-isobaric ensemble (constant number of
atoms, pressure and temperature [NPT]). The average radius (r)
obtained for the inner and outer leaflets was employed to cal-
culate the area of the two surfaces defined by the phosphate
groups of the lipids (Figure 2 a). Then, the area per lipid is
given by the area of the surface divided by the number of

lipid molecules of the leaflet (NL) [Eq. (1)]:

AL ¼ ð4phrðin=outÞi2Þ=NLðin=outÞ ð1Þ

As seen in Figure 2 b, AL presents strong oscillations along
the NVT heating step, especially for the outer shell of lipid mol-

ecules. Instead, in the simulation at constant pressure (NPT), AL

reaches a constant value almost immediately. The area per

lipid of the inner leaflet oscillates around 0.4 nm2 with a small
deviation in the last 20 ns of the simulation, where it slightly

increases up to 0.49 nm2. This shows that a full equilibrated

structure is hard to achieve for relatively small liposomes, as
explained above. The AL value for the outer shell molecule is

1.02 nm2 and remains stable throughout the whole NPT simula-
tion. The observed inner-leaflet structural fluctuations is a con-

sequence of the curvature of the double layer, which influence
the stability of the membrane inner leaflet to a larger extent.[32]

The experimental AL for flat phospholipids double layers is
found in a range of 0.55–0.72 nm2.[35] However, such values are

only valid for very large vesicles where the surface locally ap-

proximate a flat bilayer. The small size of our theoretical model
induces a high curvature that constrains the inner shell lipids

to be very tightly packed, whereas the ones in the outer layer
are more loosely arranged. As there is no free lunch, such geo-

metrical alterations introduce an error in the simulated AL. Pre-
vious molecular dynamics simulations,[29, 30] employing a

coarse-grained model to describe a liposome, reported AL

values for the inner and outer shells of 0.5 and 0.8 nm2, respec-
tively, that is, in better agreement with the experimental esti-

mation, but still affected by the spherical shape of the bilayer.
As intermolecular interactions are relevant for the structural

properties of the bilayer,[36] we have selected the hydration
number as the second parameter to monitor the equilibration

process, which directly correlates with AL. The hydration
number represents the total number of water molecules per

polar lipid head present in the first solvation shell of the lipo-
some. This has been calculated by integrating the first peak of
the radial distribution function of the water molecules and the
negatively charged phosphate oxygen atom of the DPPC
lipids.[35] As seen in Figure 2 c, the hydration number shows im-

portant oscillations during the heating simulation, but it con-
verges to a value of 1.52 water molecules after 20 ns in the

NPT simulation. We conclude, therefore, that the drug/lipo-

some assembly is relatively well equilibrated after 20 ns of dy-
namics in the NPT ensemble, attending to the time evolution

of the area per lipid and the hydration number, which were
recommended convergence criteria.[35] Accordingly, the follow-

ing analyses are performed using frames from the dynamics
between 20 and 100 ns.

Figure 2. a) Representation of all the phosphate atoms located in the inner
shell (blue) and outer shell (red) used to calculate the surface areas in the
model liposome. The outer radius of the model liposome is reported in
nanometers. b) Time evolution of the area per lipid (AL) for the inner and
outer leaflets of the bilayer along the simulations. c) Time evolution of the
hydration number of the lipid polar heads forming the bilayer.
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2.2. Diffusion Coefficients

As shown by electron spin resonance spectroscopy experi-
ments,[28] the integration of mTHPC into the liposome induces

a lowering in the molecular freedom of motion of the lipids.
This change in the mobility is a consequence of the different

chemical environment experienced by the lipid chains when
they are in the presence of the drug versus when they are lo-
cated in the pure liposome. The appearance of new intermo-

lecular interactions might induce an increase or decrease of
the lipid motion, depending on the strength of the drug–lipid

interactions. The lowering of the motion, experimentally ob-
served,[28] indicates that the interactions in the loaded lipo-

some are stronger than in the pure one.
To theoretically investigate the effect of the drug on the mo-

bility of the lipids, we have calculated the root-mean-square

displacement (RMSD) of the lipids along the 100 ns of the sim-
ulation in the NPT ensemble by considering different regions

of the liposome, defined by the separation between the lipids
and a drug molecule (see Figure 3 a). We expect that the lipids

in the immediate surroundings of the drug present less fluidity
because of possible strong drug–lipid intermolecular interac-

tions. First, the RMSD of the mTHPC molecules (without lipids)

has been computed. Then, we have extended the analysis to
the surrounding lipid molecules, gradually increasing the dis-

tance from the drug molecules between 2 and 10 a, as sketch-
ed in Figure 3 a. The RMSD of the lipids located in the different

regions, plotted in Figure 3 b, clearly evidences that the lipid
molecules in the immediate surroundings of the drug mole-

cules show less freedom of motion. In other words, the farther

the residues are from the drug, the larger is their freedom of
motion and, therefore, their displacement along the simula-

tion. This behavior indicates that the lipid molecules interact
stronger with the drug than with other lipid molecules, and

that their motion is reduced with respect to the situation
where they are surrounded by only other lipid molecules. A

more quantitative analysis can be performed by calculating

the diffusion coefficient D from the mean-square displacement
(MSD), along the simulation time t, using the so-called Einstein

relation [Eq. (2)]:[37, 38]

MSD ¼ 6Dt ð2Þ

The MSD of the last 80 ns of the simulation is linearly fitted
and the slope provides the diffusion constant D of the lipid
residues located at different distances from the drug. Figure 3 c

shows that the variation of the diffusion coefficient with the
separation r from the drug residues can be interpolated by the

increasing exponential function D(r) = AeB(r) + D0, where A, B,
and D0 are fitting parameters with values of @0.008 a2 ps@1,

@0.289 a@1, and 0.01 a2 ps@1. This indicates that the diffusion

coefficient of the lipid chains increases with the separation be-
tween the lipids and the drug, and it reaches the value of

0.01 a2 ps@1 at larger distances, where drug–lipid interactions
are less significant or absent and are replaced by lipid–lipid in-

teractions. In addition, the fast increase of D with the distance
r from the drug residues (D reaches half of its maximum value

already at a drug–lipid separation of only 2.5 a) confirms that

the interactions controlling the system are of short-range
character.

After confirming that the liposome presents larger rigidity
due to the intermolecular interactions between the drug and

the phospholipids, the next step was to identify the nature of

such interactions. To this aim, first, we investigated which frag-
ments of the lipid chains, namely heads or tails, play a more

significant role in the interactions with the drug molecules.
Thus, the RMSD in the NPT ensemble is computed for the

polar heads and the nonpolar tails of the phospholipids. In ad-
dition, this analysis (Figure 4) is performed by considering two

Figure 3. a) Schematic representation of the drug Temoporfin and the sur-
rounding residues used in the RMSD analysis. The molecules represented
with bolder lines are found in a sphere of 2 a radius centered at the drug.
Thinner lines represent instead residues inside a sphere of 10 a radius.
b) RMSD of the residues contained in the different size spheres surrounding
the drug residues during the NPT simulation. c) Diffusion coefficient reported
against the separation from the drug molecules. The color scheme is the
same as in (b).
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different regions of the carrier material : 1) lipid chains located

in the proximity of a drug molecule within a sphere of 2 a,
and 2) less influenced lipid chains located in a region of 10 a
from a drug molecule (see Figure 3 a). In the case of the resi-

dues in the immediate surroundings of the drug molecules
(cutoff of 2 a, Figure 4 a), the RMSD of the drug and the polar
heads almost overlap and oscillates around a RMSD of 13 a.
The nonpolar tails, instead, show a larger mobility with an

average RMSD value of 20 a throughout the simulation. The
smaller mobility of the polar heads in comparison with the

nonpolar tails clearly points to an existing interaction between

the polar heads and mTHPC. Considering now the RMSD of
the residues at farther distances from the drug (cutoff of 10 a,

Figure 4 b), the coupling between the polar heads and drug
molecules is lost, and the tail and head residues show approxi-

mately the same freedom of motion. Clearly, the drug–head in-
teractions, which are evident at short distances, vanish at

larger separations, where the motion of the lipids is less per-

turbed by the presence of the drug.
The large number of hydrogen donor and acceptor atoms

present in both the drug and polar heads of the phospholipids
(Figure 1 a) and the short-range character of the drug/head in-

teractions, as indicated by the rapid change of the diffusion
coefficient of the lipids with the distance from the drug (Fig-

ure 3 c), suggest that hydrogen bonding is responsible for the
rigidity in the proximity of the Temoporfin molecules.

2.3. Hydrogen-Bond Analysis

The presence of a network of hydrogen bonds between
mTHPC molecules and the polar heads of the lipids would ex-

plain the rigidity of the phospholipids in the direct proximity
of the drug molecules. Hydrogen bonds are, in fact, interac-
tions that are particularly relevant in a hydrophobic environ-
ment, where water molecules cannot easily interfere. Hydrogen

bonds are also somewhat directional interactions and can form
rather ordered structures. Finally, the presence of hydrogen

bonds between the photosensitizer and the carrier material
would assure a good loading capacity of the vesicle.[27]

The polar heads of the DPPC lipids are hydrogen acceptors,

whereas the polar heads of the DPPG lipids and the drug mol-
ecules can act as both hydrogen donors and acceptors in the

formation of hydrogen bonds. Therefore, we can classify the
hydrogen bonds as drug–drug, head–drug, and head–head hy-

drogen bond pairs, see Scheme 1.
According to the coupling of the polar head and the drug

motion found in the analysis of the RMSD reported in Fig-

ure 4 a, the drug–head hydrogen bonds are strong enough to
lower the freedom of motion of the phospholipids.

The strength of a hydrogen bond is intimately related with
the geometrical parameters of the atoms involved in the inter-

action, specifically, with the hydrogen donor–hydrogen accep-
tor distance rD-A and with the angle qD-H-A formed by hydrogen

donor, hydrogen atom, and hydrogen acceptor shown in

Scheme 1 d. Table 1 shows the total number of hydrogen
bonds found along the full simulation, the number of hydro-

gen bonds that last for more than half of the simulation time,
the total number of fragment pairs that can potentially form

Figure 4. Comparison of the RMSD of the polar heads and the hydrophobic
tails of the lipid molecules in a region of a) 2 a and b) 10 a radius around
the drug residues. The RMSD of the drug is also reported as reference.

Scheme 1. Schematic representation of the three categories considered for
the hydrogen-bond analysis : drug–drug pair forming a hydrogen bond (a),
drug–head pair involved in a hydrogen bond (b), and two phospholipids
connected through a hydrogen bond between the polar head residues (c).
The tails of the phospholipids are pictured in gray, whereas, for the residues
involved in the bonds, the color scheme is red for oxygen atoms, blue for ni-
trogen, tan for phosphate, cyan for carbons, and white for hydrogens. d) A
zoom on the atoms involved in the hydrogen bond (encircled in yellow in
the previous panels), with the geometrical parameters shown.
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hydrogen bonds, and the average values of the geometrical

parameters for the different categories of hydrogen bonds. We

consider a hydrogen bond formed when rD-A is smaller than
3 a and qD-H-A is larger than 1358. As reported in Table 1, the

number of long-lived head–drug hydrogen bonds (27) is larger
than the number of long-lived head–head hydrogen bonds

(12), despite the number of head–drug pairs (113050) being
smaller than the number of head–head pairs (116886). Al-

though the number of hydrogen bonds depends on the

number of species considered in the box, the present numbers
clearly indicate that the lipid chains are more prone to partici-

pate in hydrogen bonding with the drug than with other lipid
chains. In addition, the head–drug hydrogen bonds are not

only more abundant but also stronger, as indicated by the
smallest rD-A value (2.67 a) and the largest qD-H-A value (1628).

A more quantitative picture is obtained by considering the

distribution of the hydrogen-bond lifetimes and geometrical
parameters obtained by the analysis of all hydrogen bonds

formed along the simulation. Figure 5 a shows the number of
drug–drug, head–drug, and head–head hydrogen bonds,

grouped according to their lifetimes as a percentage of the
total simulation time. Head–head hydrogen bonding domi-

nates at short lifetimes (less than 10 % of simulation time),

whereas they are surpassed by the drug–head hydrogen
bonds at longer lifetimes, especially at lifetimes over 70 % of

the simulation time. The drug–head distribution in Figure 5 a
presents a minimum at a life time of 50 %; such a feature is
just a result of the way the distribution was built and has no
physical meaning.

To compare the strength of the interactions between the
three different pairs of residues, the probability distribution of
rD-A and qD-H-A is depicted in Figures 5 b and 5 c, respectively.

The rD-A distribution peaks at a shorter distance for the drug–
head interaction (2.67 a) than those for the head–head (2.69 a)

and the drug–drug (2.83 a), whereas the qD-H-A distribution
peaks occur at larger angles for the drug–head interaction

(1628 and 1648) than for head–head (1618) and the drug–drug

(1608) ones. Therefore, both the hydrogen-bond lifetimes and
the probability distribution of the geometrical parameters indi-

cate that the hydrogen-bond strengths follow the order drug–
head > head–head > drug–drug. The stronger hydrogen

bonds found between Temoporfin and the polar heads explain
why the mobility of the phospholipids is smaller in close prox-

imity to the drug. In addition, the hydrogen-bond behavior
also explains the good loading capacity of the liposomes and

the loss of mobility of several liposomal formulations of
mTHPC.[28]

Finally, we discuss the reasons behind the stronger interac-

tions between the photosensitizer and the lipid heads than be-
tween different lipid heads. A closer inspection of the atoms

involved in hydrogen bonding reveals that, in the drug–head
interaction, mTHPC plays the role of hydrogen donor from its

phenol moieties virtually all the time, whereas, in the head–
head interaction, the hydrogen donor atoms are the O atoms

Table 1. Number of hydrogen bonds (HBs) identified along the dynamics,
HBs that last for more than half of the simulation time (long-lived HBs),
total number of interacting pairs, average value of the D–A distance rD-A

and average value of the D–H–A angle qD-H-A for the three hydrogen
bond categories. The geometrical parameters are shown in Scheme 1 d.

HB pair [a] Total HBs Long-lived HBs Number of pairs rD-A [a] qD-H-A [8]

H–H 424 12 116 886 2.70 160
H–D 249 27 113 050 2.67 162
D–D 76 7 780 2.85 157

[a] H–H stands for a head–head pair, H–D for a head–drug pair, and D–D
for a drug–drug pair.

Figure 5. a) Number of drug–drug, drug–head, and head–head hydrogen
bond pairs grouped according to their persistency in percentage during the
simulation time. b) Probability distribution of donor-acceptor distances rD-A.
c) Probability distribution of donor-hydrogen-acceptor angles qD-H-A.
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of the ethylene glycol moiety of the DPPG lipids (see Fig-
ure 1 a). Owing to the electron-withdrawing effect of the aro-

matic ring of the phenolic substituent, mTHPC is a better hy-
drogen donor than the glycol moiety of the DPPG. In general,

aromatic alcohols are better hydrogen donors than aliphatic
ones. This is the reason why phenol acts as a hydrogen donor

and methanol as a hydrogen acceptor in the phenol–methanol
dimer.[39] Based on our analysis, one can conclude that the ri-
gidity of the liposomal formulation of mTHPC, closely related

with the loading and release capacity of the liposome, can be
modulated considering the strength of the hydrogen bonds
that the phenol moieties of the drug could form with phos-
pholipids suitable for liposomal formulations.

This consideration can be extended to different photosensi-
tizers baring H-bonding groups in their substituents. In case of

phenol moieties, further functionalization of the photosensitiz-

er can be pursued. If the functionalization enhances the elec-
tron-withdrawing ability of the aromatic ring, the drug would

be a better hydrogen donor and the drug/liposome assembly
would be more stable. Contrarily, if the aromatic ring loses its

electron-withdrawing ability upon functionalization, the drug is
a less effective hydrogen donor and the drug/liposome assem-

bly would be less stable. However, it is important to note that

such a functionalization should not modify other properties of
the drug, for example, its hydrophobicity or the energy of the

electronically excited states and, thus, the photosensitization
efficiency and mechanism of the drug should not be altered.

3. Conclusions

In this work, we have performed all-atom molecular dynamics

simulations to unravel the reasons behind the smaller mem-
brane fluidity experimentally found for several liposome formu-

lations of the photosensitizer Temoporfin,[28] a prototypical

chlorin photosensitizer. The analysis of the motion of the dif-
ferent residues composing the liposome and the calculation of

diffusion coefficients of the lipid chains in the immediate sur-
roundings of the photosensitizer have shown that the interac-

tions that confer rigidity to the drug/liposome assembly are of
short-range character. These interactions are identified as rela-

tively strong hydrogen bonds between the photosensitizer
and the polar heads of the phospholipids. Owing to electron

withdrawing effects, the drug is a powerful hydrogen donor
and, thus, the rigidity of the liposome induced by the drug
into the phospholipids in its immediate surroundings derives
from the tenacity of such interactions. Our theoretical analyses
suggest that the stability of Temoporfin liposomal formulation

could be also ascribed to the strength of the hydrogen bond
formed by the drug and the carrier material. Such considera-

tions on the hydrogen-bonding capability of the drug and the
phospholipids can be extended to other chlorin photosensitiz-
ers and, thus, can be relevant to design new drug formula-

tions, as intermolecular interactions between the drug and the
nanocarrier affect the loading capacity of the carrier, the drug

release process, and the pharmacokinetic properties of the
drug.[40]

Computational Details

The liposome initial structure was built with the Packmol soft-
ware package,[41] with a composition of DPPC/DPPG phospholi-

pids with a ratio of 9:1 (w/w) and with a molar ratio of lipid/
mTHPC of 12:1. The inner leaflet of the liposome bilayer is

formed by 118 phospholipid molecules confining 472 mole-
cules of water in the inner cavity. The number of water mole-

cules placed in the inner cavity was calculated so that the den-

sity of the solvent in the inner cavity equals the one that sur-
rounds the liposome. The second leaflet of the vesicle is as-

sembled from 366 lipid molecules, resulting in a liposome with
a diameter of about 126 a. The liposome also contains 40 mol-

ecules of Temoporfin, placed in the hydrophobic region of the
double layer, based on previous electron spin resonance spec-
troscopy measurements.[28] The resulting drug/liposome com-

plex was solvated with 109 387 water molecules confined in a
cubic box of 83 a side. Na+ counter ions were added to neu-

tralize the DPPG negative charges and NaCl was added to
reach a salt concentration of 0.15 M.

The energy of the system was first minimized in seven steps.
In the first step, only 200 residues of the liposome were mini-

mized, whereas the other residues were spatially constrained

by employing a harmonic force constant of 50 kcal mol@1 a@2.
In each of the next five steps, 200 more residues were allowed

to move during minimization together with the ones already
optimized in the previous steps. In the final minimization step,

the whole liposome was minimized without any constrains.
Each minimization calculation consists of 10 000 steps, where

the first 5000 were performed by employing the steepest de-

scent algorithm while the last 5000 were performed by em-
ploying the conjugated gradient algorithm. The system was

then slowly heated in the canonical ensemble (NVT ensemble)
from 0 to 300 K in four different simulations of 1 ns each. In

the first three heating simulations, the temperature was in-
creased by 100 K intervals from 0 to 300 K. During the three

heating steps, the motion of the residues forming the lipo-

some was constrained with decreasing harmonic force con-
stants of 10, 5 and 1 kcal mol@1 a@2. The last heating simulation

was performed at a fixed temperature of 300 K and with no
constraints applied on the motion of the drug/liposome as-

sembly. Afterwards, the system was run in the isothermal-iso-
baric ensemble (NPT ensemble) to equilibrate the density of
the system and the structure of the liposome for 100 ns, and

the snapshots were printed every 20 ps for analysis. As dis-
cussed above, after 20 ns, the system reached a metastable

state and, therefore, the last 80 ns of the simulation were em-
ployed in the analyses.

For all of the simulations, periodic boundary conditions were
applied and a time step of 2 fs was employed. The SHAKE al-
gorithm[42] was used to freeze bonds involving H atoms. The

Langevin thermostat was used with a collision frequency
gamma of 1.0 ps@1 while the pressure was kept fixed at 1 atm

with the Berendsen barostat and isotropic position scaling. For
the non-bonded interactions calculation, a cutoff of 10.0 a was

employed together with the particle-mesh Ewald method to
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calculate the coulombic interactions.[43] The phospholipids
were described by the Lipid17[44] force field, available in the

AmberTools17.[45] The intramolecular and Lennard–Jones pa-
rameters of the drug were taken from the general Amber force

field.[46] The restrained electrostatic potential (RESP) charges
were computed by density functional theory, employing the

B3LYP[47] functional and the 6-31G* basis set[48] using the Gaus-

sian09[49] software package. We employed the TIP3P model[50]

for the water molecules and appropriate Amber parameters to

describe the NaCl ions.[51] All the simulations were performed
with the GPU-based module PMEMD implemented in
AMBER16.[45]

The visualization of the simulation trajectories and the RMSD

calculations were performed with the visual molecular dynam-
ics (VMD) program,[52] the hydrogen-bond analysis was per-
formed with the CPPTRJ software[53] by employing a cutoff of

3 a for the D–A distance and 1358 for the D–H–A angle. By
using the Einstein relation, Equation (2), the RMSD curves were

linearly fitted to calculate the diffusion coefficient of the drug
and lipid molecules.
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Abstract: The absorption properties of Temoporfin, a second-generation photosensitizer
employed in photodynamic therapy, are calculated with an electrostatic-embedding quantum
mechanics/molecular mechanics (QM/MM) scheme in methanol. The suitability of several ensembles
of geometries generated by different sampling techniques, namely classical-molecular-dynamics
(MD) and QM/MM-MD thermal sampling, Wigner quantum sampling and a hybrid protocol,
which combines the thermal and quantum approaches, is assessed. It is found that a QM description
of the chromophore during the sampling is needed in order to achieve a good agreement with
respect to the experimental spectrum. Such a good agreement is obtained with both QM/MM-MD
and Wigner samplings, demonstrating that a proper description of the anharmonic motions of the
chromophore is not relevant in the computation of the absorption properties. In addition, it is also
found that solvent organization is a rather fast process and a long sampling is not required. Finally,
it is also demonstrated that the same exchange-correlation functional should be employed in the
sampling and in the computation of the excited states properties to avoid unphysical triplet states
with relative energies close or below 0 eV.

Keywords: Temoporfin; configurational sampling; QM/MM; absorption properties

1. Introduction

Photodynamic therapy—an established treatment for certain types of cancer [1–4]—is nowadays
also employed against infectious diseases, dermatological conditions and diabetes [5–8]. This therapy
exploits the excited-state reaction of a photosensitive compound, called photosensitizer (PS),
with molecular oxygen and/or target biomolecules of the cells, after being irradiated with light,
resulting in singlet oxygen or other cell-toxic products [4,9,10]. Currently, porphyrins and derivatives
dominate the types of compounds employed as PSs in therapeutic use. In fact, the first PS ever used
commercially in photodynamic therapy was a mixture of hematoporphyrin derivatives, currently
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contained in the drug Photofrin [11–13]. This PS was far from ideal as it consisted of a mixture of mono-
and oligomers, that is, a single active compound could not be isolated. Thus, the second generation of
PSs aimed at a singleunique photoactive phorphyrinoid compound [14,15]. One class of compounds
that resulted from this quest is hydroporphyrins, such as the meso-tetra(hydroxyphenyl)chlorins.
These compounds were designed to allow the solubility in polar media by the introduction of
hydroxyl groups and to enhance light absorption in the lower-energy part of the spectrum [14]. It is
in fact important to have intense light absorption in the so-called therapeutic window (630–850 nm),
where most of the tissue components are quite transparent and the radiation can penetrate more in
depth [16]. This can be achieved by reducing porphyrins to their correspondent chlorins, for which
the intensity of the most red-shifted absorption Q-band is enhanced by disruption of the structural
symmetry [14,16,17]. The species 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (Temoporfin or mTHPC),
shown in Scheme 1, belongs to this series of reduced porphyrins and has been successfully developed
into a photodrug known with the proprietary name of Foscan® [18,19]. mTHPC is currently employed
in clinics [1–3,13,19–21] and it is being further developed into an assisted delivery formulation,
where the drug is embedded in liposomes [22]. This new formulation should expand the applications
of the drug and improve its efficacy [23–26].
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Scheme 1. Structural representation of the second-generation photosensitizer mTHPC (5,10,15,20-
tetra(m-hydroxyphenyl)chlorin).

The absorption and photodynamical properties of mTHPC have been also studied
computationally by means of time-dependent density-functional theory (TD-DFT)
calculations [17,27–29], where solvent effects were sometimes included by implicit models [17,28].
In implicit solvation models the whole environment is treated as a polarizable continuum [30]
that represents the macroscopic characteristics of the solvent [31]. Such a simplified description is
satisfactory for the investigation of many solvated chromophores, even when explicit interactions,
such as hydrogen bonds, are present [32]. In other cases, however, the introduction of explicit solvent
molecules and solvent sampling is mandatory because an average description of the environment
is not able to properly describe the solvent effects or because the environment has a heterogeneous
structure, for example, as in the case of biological environments, such as proteins, DNA or lipid
membranes [28].

When the environment is included explicitly, a popular approach is to divide the system
into several regions that are described at different levels of theory with different accuracy [33,34].
Although more than one layer is possible [35], very commonly, the system is split into two regions:
one containing the chromophore, which is treated accurately with quantum mechanics (QM) and
another one describing the environment at a lower level of theory, often at the molecular mechanics
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(MM) level by means of force fields. The use of these so-called QM/MM schemes is less extended than
QM/continuum ones because the introduction of explicit solvent in the former is more laborious [36].

In some cases, relevant molecules that belong to the environment have to be included in the
QM region with the chromophore in order to describe, for example, charge-transfer states between
the solute and environment or to correctly describe solute-solvent polarization effects [37]. However,
the definition of a correct and large enough QM region plays a very important role in the accuracy
of the computed property and is often not straightforward to define [38]. Polarization between
solute and solvent can also be accounted by means of a polarizable-embedding QM/MM scheme,
which oftentimes even allows to reduce the size of the QM region to the chromophore alone [39].

When the solvent molecules are represented explicitly, many solvent organizations around the
chromophore are possible. Therefore, sampling of the configurational space prior the computation
of the desired property is compulsory [36,40]. Two approaches are generally employed for the
configurational-space sampling, namely, thermal sampling and quantum sampling. In the first case,
a ground-state molecular-dynamics (MD) simulation is performed, in which the system is in thermal
equilibrium at a certain temperature. In the quantum sampling, the configurational space is represented
by the quantum-mechanical distribution of the population of the vibrational ground state if one
assumes a temperature of 0 K; if temperature effects are included, the distribution also considers
the population of vibrationally excited states of the electronic ground state [41]. Both approaches
can also be combined by performing quantum sampling for the chromophore and thermal sampling
for the solvent. It is important to note that the inclusion of vibrational sampling properly accounts
for the different chromophore geometries, interactions between chromophore and solvent as well
as temperature effects, which are key to determine the shape of the spectrum. However, vibronic
transitions, whose description requires the computation of the vibrational wavefunctions of the initial
and final states, are still neglected in these sampling approaches. Few formulations accounting for
vibronic transitions in an ensemble of geometries have been developed [37]. However, the use of these
vibronic approaches is beyond the scope of the present work, whose aim is to assess the performance
of different vibrational sampling techniques.

In this work, we have computed the absorption spectrum and the density of triplet states of
mTHPC in methanol based on several ensembles of geometries. The ensembles were generated by
thermal sampling based on classical and QM/MM MD, quantum sampling and a combination of
both, named hybrid-Wigner-MD distribution. The quality of the different sampling approaches was
assessed by comparison with the experimentally measured energies of the most-red shifted Q-bands,
being the low-energy one employed for photodynamic therapy, and the most intense Soret band.

2. Results and Discussion

2.1. Absorption Spectrum

The study of biologically or biomedically relevant molecules is tightly linked to their interaction
with the surrounding medium. A correct sampling of the geometrical configurations of the
chromophore and solvent molecules and of the interactions between them is thus of fundamental
importance for the computation of the properties of the chromophore. Once the ensemble of geometries
has been created with the chosen sampling method, the properties of the chromophore can be computed
for each geometry. This procedure delivers a probability distribution for each molecular property. In the
case of the absorption spectrum, a probability distribution of the excitation energies of the different
electronic states, weighted by their oscillator strengths, is obtained. A straightforward approach to
sample the geometrical configurations is to perform a classical MD simulation of the chromophore
of interest in the desired environment. From this simulation, a set of uncorrelated snapshots are
extracted, providing a series of Boltzmann-distributed geometries of the chromophore and solvent.
The geometries provided with the selected snapshots are used for the subsequent QM/MM calculation
employing, usually, an electrostatic embedding scheme [42–45] to compute the excitation energies.
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When the solvent molecules do not actively participate in the excitation process only the chromophore
is usually included in the QM region.

As first step, the combination of classical MD for sampling and electrostatic-embedding QM/MM
for excitation energies has been employed to calculate the absorption spectrum of mTHPC in methanol
(Figure 1). The QM region comprises the chromophore, for which the first six lowest-energy
excited singlet states were computed at TD-wB97XD level of theory. This approach is named
here QM(wB97XD)/MM@Classical-MD. The selection of the functional was based on a benchmark
study performed at the ground-state optimized geometry and considering vibrational sampling,
see Sections S1 and S2 of the Supplementary Materials. From the calculations, we deem the wB97XD
functional the one providing the most accurate spectrum (in terms of energies and intensities) in the
low-energy region, which is the relevant region for PDT, in terms of energies and intensities.

The quality of the theoretical approach has been evaluated by considering the error in the
computed absorption spectrum with respect to the experimental one. Specifically, the low-energy part
of the spectrum, which includes the Q′ and Q′ ′ bands (see inset of Figure 1) and the more intense Soret
band (Figure 1) have been analyzed. As we can see, the predicted spectrum presents an error of 0.52 eV
for the Soret band. This error is reduced but not yet acceptable, for the Q bands: 0.38 eV for the most
red-shifted Q’ band and 0.29 eV for the Q′ ′ band.
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Figure 1. Comparison of the QM(wB97XD)/MM@Classical-MD spectrum (red curve) and the
experimental spectrum (black), scaled with respect to the Soret band. In the inset a zoom on the
Q-bands with the corresponding energy values at the maxima in eV is reported.

Since the QM(wB97XD)/MM@Classical-MD absorption spectrum significantly differs from the
experimental one, the effect of different sampling approaches will be investigated to find the source
of the error. From now on, we will discuss the results of the different sampling approaches that
generate the ensemble of geometries from which the spectrum is computed. In the nomenclature
for the corresponding theoretical spectra, for example, QM(wB97XD)/MM@Classical-MD, we will
omit the level of theory for the excited-state calculations, as it is the same throughout this first section
(unless stated otherwise). Thus, we will identify the different spectra only from the sampling technique.

The large discrepancy between the experimental and the theoretical absorption spectra obtained
with classical MD followed by QM/MM excited-state calculations (Figure 1) could be attributed
to a failure of the force field that describes the vibrational motion of the chromophore during the
classical sampling [46]. To investigate whether this is the case, the classical MD sampling is refined with
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subsequent QM/MM-MD simulations, where mTHPC is treated at QM level with the B3LYP functional.
To perform the refined sampling, we selected 100 snapshots from the last nanosecond of the classical
MD simulation and used them as starting points for 100 QM(B3LYP)/MM-MD simulations during ca.
100 fs each. Then, the last snapshot of the 100 short simulations is selected to form a new ensemble
of geometries to compute the absorption spectrum of mTHPC. The selection of 100 snapshots from
a relatively long interval (1 ns) from the classical MD trajectory ensures a good sampling for the solvent
molecules, which often need a relatively long sampling to describe the diffusion of the solvent around
the chromophore. In addition, the QM treatment of the chromophore along the short QM/MM-MD
simulations is expected to improve the description of its vibrational motion, which needs a shorter
sampling than the solvent.

One important question in this sampling approach is the choice of the QM method for the
MD simulations. In our case, the selected level of theory was B3LYP/6-31G*, which is rather
modest in comparison to the protocol designed for the excited-state calculations (wB97XD/6-311G**).
Using a lower level of theory for the QM/MM-MD simulation to sample the configurational
space seems a reasonable approach due to the large number of gradient calculations required for
the MD trajectories. Moreover, the use of a lower-level method to compute the geometry and
a higher-level method to compute the properties is also a common practice in static excited-state
calculations, where the vertical-excitation energies are computed at the optimized ground-state
geometry. This scheme is in principle valid because ground-state properties are often very well
described by the golden standard B3LYP/6-31G*, whereas more sophisticated approximations
of the exchange-correlation functionals are usually required for the computation of excited-state
properties [47–49]. Lastly, the use of simple functionals and small basis sets for the sampling or the
geometry optimization reduces the computational cost considerably, often without compromising the
accuracy of the final results.

Figure 2 displays (blue line) the absorption spectrum computed with the, then labelled
@100-QM(B3LYP)/MM-MD ensemble of geometries. For the Soret band, which peaks at 3.40 eV,
an improvement of 0.10 eV is achieved with respect to the classical MD-based Soret band (in red).
However, the Q-bands (see inset) profited most from the benefits of the QM/MM-MD sampling.
The lower lying Q’ band appears now at 2.00 eV, almost 0.3 eV lower in energy than the band predicted
with the classical MD sampling. The higher-energy Q-band (Q” band) is found at 2.34 eV, red-shifted
with respect to the experimental value by only 0.06 eV, so that it significantly improved the value of
2.69 eV obtained by the classical MD sampling approach.
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Although the error of the computed absorption spectrum is significantly reduced when the
@100-QM(B3LYP)/MM-MD protocol is employed for sampling, there is still room for improvement.
One thinkable issue could be the electrostatic-embedding scheme adopted for the excited states
calculations. Methanol is a rather polarizable solvent for which more sophisticated QM/MM schemes,
for example, a polarizable embedding, might provide more reliable results. In order to explore the
plausible error due to missing polarization effects, we have recomputed the spectrum including
12 methanol molecules in the QM region during the electrostatic-embedding QM/MM vertical-energy
calculations. In fact, it is sometimes important to include the most relevant regions of the environment
in the QM region in QM/MM calculations or switch to more advanced techniques, where solvent
polarization effects are included [39]. The computational details of these calculations are reported
in Section S3 of the Supplementary Materials. As can be seen in Figure S4, the QM/MM calculation
which describes solvent molecules at QM level provides virtually the same spectrum as the standard
QM/MM calculations in which all the methanol molecules are described by a force field in the MM
region. Therefore, one can conclude that, for this particular system, the polarization of the solvent
does not affect the calculated absorption properties of the chromophore and, thus, the use of an
electrostatic-embedding QM/MM scheme is appropriate.

The improvement obtained by describing the PS quantum mechanically during the configurational
sampling can have two origins: (i) the general shape of the gradient of the PS was badly approximated
by the force field adopted in the classical MD simulation leading to wrong geometries, or (ii) there are
strong anharmonicities in the chromophore motion which are not captured by the harmonic force field.

Standard force fields can in principle account for a small degree of anharmonicity, even when
bonds and angles are described by harmonic potentials, due to the non-bonded terms, that is, coulombic
and van der Waals interactions, which describe long-range interactions between non-connected
atoms. Nevertheless, one can say that the vibrational motion provided by standard force fields is
mainly harmonic and the use of QM/MM-MD for sampling describes the anharmonicities much
better. To distinguish between these two possible factors affecting the quality of the calculated
absorption spectrum, we have also employed an ensemble of geometries obtained from a Wigner
distribution (quantum sampling), where each normal mode is described with a quantum-mechanical
harmonic oscillator. Each degree of freedom has its zero-point energy, which is normally higher
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than the thermal energy kbT provided by the sampling approaches based on classical or QM/MM
MD. A configurational space generated with quantum sampling is therefore generally hotter than the
correspondent ensemble generated with a thermal sampling. Only the low-frequency modes could
receive the same amount of energy in both sampling approaches and those are also the modes that could
deviate most from the harmonic approximation. As the 100 geometries obtained with the quantum
sampling are strictly harmonic, the comparison with the QM/MM-MD approach allows determining
whether the improvement in the QM/MM-MD-based absorption spectrum with respect to the classical
MD-based one is due to a better description of the anharmonic motions or not. In order to keep the
comparison rigorously bound to the harmonic character of the configurations of the chromophore in
the ensemble, the solvent has to be described in the same fashion as in the QM/MM-MD ensemble.
This was achieved by taking the previously selected 100 snapshots of the classical MD simulation
and replacing the geometries of the chromophore by the geometries from the Wigner distribution.
Such snapshots were then the starting point for 100 classical simulations of 1 ns, where the geometry
of the drug was kept frozen and the solvent relaxes to adapt to the new structure of the chromophore.
The hybrid-Wigner-MD ensemble formed by the last snapshot from each of these 100 classical MD
simulations was employed for excited-state calculations.

The so-obtained hybrid-Wigner-MD-based spectrum is shown in green in Figure 3a against the
one previously discussed obtained from the short QM/MM-MD simulations (blue). As one can see,
the differences are insignificant (below 0.06 eV)—a clear sign that the initial problem of the classical
MD sampling was not the anharmonicity of the molecular motion of the PS but rather that the whole
gradient of mTHPC was poorly approximated with the general Amber force field and a quantum
mechanical method is more suitable.
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So far, all the calculations included explicit methanol molecules in the sampling and the
excited-state calculations. At this point one could argue whether the solvent must be described
explicitly, or a simpler implicit model would be sufficient to reproduce the experimental absorption
spectrum. We have therefore employed the same ensemble of geometries obtained from the Wigner
distribution and computed the excited states using the polarizable-continuum model (PCM) to
describe the solvent. The comparison between explicit and implicit solvation of mTHPC using
a quantum sampling (QM(wB97XD)/MM@hybrid-Wigner-MD versus QM(wB97XD)/PCM@Wigner)
is reported in Figure 3b. At first sight, it is clear that explicit solvent returns a better agreement with
the experimental Soret band. In fact, the Soret band computed with implicit solvent presents the
largest error (0.66 eV) with respect to the experiment, with a blue-shift of 0.26 eV with respect to the
explicit-solvent computation. The Q’ band, shown in the inset of Figure 3b, is also blue-shifted (0.16 eV)
with respect to the band obtained with the explicit solvation QM/MM model. The results of Figure 3
suggest that, for this particular chromophore, the solvent cannot be approximated with a continuum
model but instead the methanol molecules should be included explicitly in the configurational sampling
and in the excited-state calculations.

Finally, it is interesting to investigate the importance of performing a long sampling to capture
the slow motions of the solvent. To this aim, we compare two procedures of the QM(B3LYP)/MM-MD
configurational sampling. In the first procedure a single simulation of 5 ps starting from the
last snapshot of the classical MD simulation is performed. Since the simulation time is very
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short, the solvent could possibly not have enough time to sample the relevant configurational
space. The second procedure is the @100-QM/MM-MD sampling approach described above,
where 100 simulations are run for 100 fs starting from 100 snapshots selected from the last nanosecond
of the classical MD trajectory. Since the starting structures for the QM/MM-MD simulations are chosen
from a relatively long simulation time (one nanosecond), this last approach is expected to provide
a better sampling of the configurational space of the solvent.

Figure 4 demonstrates that the differences between the spectra obtained with both approaches
(single and multiple QM/MM-MD simulations) are negligible. The Q’ bands of the two sets of
computations perfectly match, the Q′ ′ band is slightly blue-shifted by 0.02 eV in the case of the single
QM/MM-MD simulation while the Soret band is red-shifted by the same amount. This result indicates
that slow motions of the solvent are not involved in the electronic excitation process of mTHPC and,
thus, the use of short MD simulations to sample the configurational space is adequate enough to
obtain an accurate absorption spectrum. However, this conclusion should not be extrapolated to other
solvated chromophores, for which a long sampling could be necessary.
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(blue). The inset zooms the Q’ and Q” bands.

2.2. Density of Triplet States

As mentioned before, mTHPC is a potent second-generation PS in photodynamic therapy.
Cytotoxic species, such as singlet oxygen 1O2, fundamental for the therapeutic effect, are produced
from the reaction of the PS in a triplet electronic excited state with compounds of the surrounding
environment; this can be molecular oxygen or a more complex molecular substrate, such as the cell
membrane. It is therefore interesting to compute the density of triplet states and to investigate how
different computation protocols affect their energies.

To this aim, we have computed the density of states (DOS) of the lowest-lying triplet excited state
of mTHPC using the QM(wB97XD)/MM@100-QM(B3LYP)/MM-MD protocol, which was the one
providing the most accurate absorption energies. Figure 5a shows that the lowest-energy triplet-state
T1 band presents a portion of its DOS close and below 0 eV. When the sampling is performed
by classical MD, there is also a portion of the triplet band falling below zero. The problem of
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having negative triplet transition energies in TD-DFT calculations [36,48,50] can be partially ascribed
to the exchange-correlation functional, where the amount of Hartree-Fock exchange [51] and the
range-separated character [49] are the most delicate aspects in this matter. A second source of
error in TD-DFT is the adiabatic approximation which assumes an instantaneous reaction of the
exchange-correlation potential when the electron density changes in time. It has been shown that this
approximation introduces large errors when computing spin-flip transitions, such as S0-T1 transitions,
especially when range-separated functionals, for example, wB97XD, are used [49]. Exchange and
correlational functionals that present relatively large contributions of the HF exchange have larger
probability to display the so-called triplet instability problem, for which the triplet excitation energies
approach the zero value [51].

Despite the above discussed possible reasons for the errors in the S0-T1 energies, we have found
that the use of different functionals for sampling (B3LYP) and excited-state energies (wB97XD) also
introduces a significant error. Indeed, if the same functional is used (wB97XD) for both types of
calculations the negative energy problem vanishes, as can be seen in Figure 5b. The DOS of the
first triplet excited state is now centred at 0.93 eV (i.e., blue-shifted by 0.17 eV with respect to
using B3LYP) and there are no geometries with negative triplet states. Figure 5 also shows that
the use of different functionals for sampling does not significantly affect the excitation energies of
singlet excited states since the calculated absorption spectra based on QM(B3LYP)/MM-MD and
QM(wB97XD)/MM-MD sampling protocols are similar, with a small blue shift of 0.07 eV of the
latter with respect to the former. Therefore, the spectral bands computed with QM(wB97XD)/MM
show a larger blue-shift for the triplets (0.17 eV) than for the singlets (0.07 eV) when the sampling is
changed from QM(B3LYP)/MM-MD to QM(wB97XD)/MM-MD. In other words, the use of a different
functional for sampling and excitation energies calculation introduces an artificial red-shift of the
excitation energies, which is more important for the triplet states and thus causes the appearance of
negative triplet-state energies for some geometries of the ensemble.

This artificial red-shift in the excitation energies is also found in the static approach, reported in
Table 1, where the excitation energies are computed only for the ground-state optimized geometry.
Using B3LYP for the geometry optimization and wB97XD for the excited-state energy calculation
within an implicit description of the solvent (PCM), we find that the Sn excitation energies are only
shifted by a maximum of 0.21 eV to lower energies with respect to the values obtained using the
wB97XD functional for both geometry optimization and excited-state calculations. Triplet electronic
transitions Tn, in contrast, suffer from stronger deviations and show red-shifts of even 0.45 eV when
a different functional is adopted for the geometry optimization and the excited-state calculation.

It is also important to have in mind that the calculations that used the same functional for
sampling and excitation energies, still employed different basis sets. Therefore, the level of theory is
not completely identical. In particular, the basis set used for sampling was 6-31G*, whereas for the
subsequent vertical excitations was 6-311G**. It is very likely that the use of different basis sets for
sampling and excitation energies also introduces artificial shifts in the excitation energies. However,
it is expected that these shifts are much smaller than the ones caused by the use of different functionals.
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Figure 5. (a) Density of states (DOS) of the first triplet excited state T1 of mTHPC and the corresponding
absorption spectrum obtained with the QM(wB97XD)/MM@Classical-MD (red curve for the absorption
spectrum and wine for the DOS) and the QM(wB97XD)/MM@100-QM(B3LYP)/MM-MD approaches
(blue curve for the absorption spectrum and cyan curve for the DOS). The centre of the T1 DOS is
also reported in eV. (b) Absorption spectrum obtained with the QM/MM-MD sampling using B3LYP
(blue) and wB97XD (grey) in the QM part. The DOS for the first triplet excited state calculated with the
QM(wB97XD)/MM@100-QM(wB97XD)/MM-MD and the value at its centre is reported in purple.
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Table 1. Excitation energies in eV of the lower lying singlet and triplet states of mTHPC computed
with the static approach at the QM(wB97XD)//QM(wB97XD) and the QM(wB97XD)//QM(B3LYP)
level of theory. The energy differences between the two methods is also reported in eV.

QM(wB97XD)//QM(wB97XD) QM(wB97XD)//QM(B3LYP) ∆E (eV)

S1 2.21 2.01 0.20
S2 2.60 2.39 0.21
S3 3.40 3.28 0.12
S4 3.50 3.36 0.14
S5 4.14 4.10 0.04
S6 4.36 4.27 0.09

T1 1.07 0.92 0.15
T2 1.61 1.16 0.45
T3 2.05 1.98 0.07
T4 2.44 2.33 0.11

3. Conclusions

The absorption spectrum of mTHPC in methanol and its density of triplet states have
been computed using an electrostatic-embedding QM/MM approach, in which the PS is treated
with TD-DFT and the solvent with MM. Several ensembles of geometries produced by different
sampling methods were employed with the aim to explore the impact of the way in which the
configurational space of mTHPC in solution is obtained. The motivation behind the study was that
the standard approach, where the system is sampled with a classical MD simulation, did not provide
a satisfactory absorption spectrum (errors up to 0.29–0.52 eV) in comparison with the experimental
absorption energies.

The predicted absorption energies improved (errors 0.42–0.06 eV) when mTHPC was described
with a QM method (DFT-B3LYP/6-31G*) during the sampling step instead of MM, while the solvent
molecules are still described with MM. Such improvement is due to the better description of the
ground-state gradient of mTHPC by B3LYP than by the force field. Deficiencies due to anharmonicities
in the normal modes of the molecule were excluded by doing a comparison of the spectra obtained
with geometries extracted from QM/MM-MD simulations, which describe anharmonicities, and with
geoemtries extracted from a Wigner distribution, which is fully harmonic. In addition, a long sampling
of the solvent degrees of freedom is not needed to capture the most important solvent effects. It is
important to highlight that the conclusions extracted for mTHPC in methanol should not be transferred
to other systems where anharmonicities or large solvent rearrangements may play a crucial role.

Since implicit models are often highly accurate and easily implemented in the excited-state
calculations, we also questioned the suitability of implicit versus explicit solvent. In this case, we have
employed the PCM model to describe the solvent as a continuum during the computation of the
excitation energies. We found that the implicit solvation provided absorption energies that are in much
worse agreement with the experiment (errors 0.66–0.22 eV).

Having found the best protocol to reproduce the experimental absorption spectrum of mTHPC
in methanol (QM(wB97XD)/MM@100-QM(B3LYP)/MM-MD), we computed the density of triplet
states. Interestingly, the use of two different functionals for the ground-state sampling and the
subsequent excited states calculation led to triplet states having negative energies. This is because the
potential-energy surfaces of triplet and singlet states suffer from different shifts when the functional is
changed, resulting in a very similar absorption spectrum but rather different density of T1 states.

This work emphasizes that the sampling method employed to generate a configurational ensemble
has a substantial impact in the calculation of electronically excited states. Snapshots that are refined
with QM/MM-MD simulations, even if for a short time (here 100 fs), are highly desirable to improve
the description of the geometrical parameters.
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4. Materials and Methods

4.1. Computational Details

For the thermal sampling, the mTHPC molecular parameters were taken from the General Amber
Force Field (GAFF) [52] with restrained electrostatic potential (RESP) charges computed by DFT,
employing the B3LYP [53] functional and the 6-31G* basis set [54]. The drug molecule, placed in
an octahedral box, was solvated with methanol up to 14 Å from any atom of the mTHPC molecule.
The parameters of the solvent were taken from the Amber libraries [55].

The system was minimized for 10000 cycles, the first 5000 employing the steepest-descent
algorithm whereas the last 5000 cycles were performed with the conjugate-gradient one. The minimized
system was subsequently heated for 0.1 ns at 300 K in the canonical ensemble (NVT) followed by an
equilibration step in the isothermal-isobaric (NPT) ensemble for 2 ns.

For all the simulations, periodic-boundary conditions were applied and a time step of 2 fs was
employed. The SHAKE algorithm [56] was used to freeze bonds involving H atoms. The Langevin
thermostat was used with a collision frequency gamma of 1.0 ps−1 while the pressure was kept fixed
at 1 atm with the Berendsen barostat and isotropic position scaling. The cut-off for the non-bonded
interactions was set to 10.0 Å and the particle-mesh Ewald method was used to calculate the coulombic
interactions [57].

Snapshots from the classical MD simulation were used as starting structures for the QM/MM-MD
simulations to refine the structure of mTHPC. The chromophore was included in the QM region,
whereas the surrounding methanol molecules are in the region described classically. The interaction
between both regions was computed using an electrostatic-embedding scheme. First, we have
performed a simulation of 5 ps, starting from the last snapshot of the classical MD, describing mTHPC
at the DFT level with the B3LYP [53] functional and the 6-31G* basis set [54]. This simulation is labelled
as single-QM/MM-MD in Section 2. Then, from 100 snapshots taken from the last nanosecond of the
classical MD simulation, we have restarted 100 short QM/MM-MD simulations which lasted from
75 fs up to 125 fs in order to randomize and increase the configurational sampling. This procedure
was performed describing the QM region with DFT employing both B3LYP [53] and wB97XD [58]
functionals and the 6-31G* basis set [54].

The same 100 snapshots from the classical MD simulation were also used to perform a hybrid
sampling, where the geometries of mTHPC were replaced with the ones belonging to the B3LYP-gas
phase-Wigner distribution. The geometry of the chromophore and the vibrational frequencies were
computed in the gas phase at the DFT/B3LYP/6-311G** [53,54] level of theory. Such new system was
then again equilibrated in the NPT ensemble for one additional ns to allow the solvent to adapt to
the new structure of the chromophore, which was kept frozen with the ibelly option all along the
simulation. The final snapshots of these 100 MD simulations formed the hybrid Wigner/classical-MD
ensemble. Finally, the 100 geometries generated by the quantum sampling (B3LYP-gas-phase Wigner)
were also used in excited-state QM/PCM calculations to compare implicit and explicit solvation
models. We have used the linear-response DFT/PCM formulation and the IEFPCM formalisms of the
PCM model. The cavity was built employing the atomic radii defined by the UFF force field. The static
dielectric constant of the solvent (methanol) is ε = 32.613 and dielectric constant at optical frequency is
εopt = 1.77.

The absorption spectra were obtained from the 6 lowest-energy excited states computed for the
100 geometries provided by the different configurational sampling methods described above using the
wB97XD functional [58] and the 6-311G** basis set [54]. The lowest-energy triplet transition was also
computed to get the corresponding density of triplet states. The spectra and density of states were
obtained convoluting the excited states with gaussian functions with a full width at half maximum of
0.2 eV.
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All the MD simulations were performed with the AMBER16 program [59] interfaced with
Gaussian09 [60] for the QM/MM-MD simulations. The vertical excitations, DFT geometrical
optimizations and frequency calculations were performed with Gaussian09 software [60].

4.2. Experimental Methods

UV/vis absorption spectra were recorded using a spectrophotometer Specord S600 from Analytik
Jena (Jena, Germany) using 1x1cm Suprasil® quartz cuvettes (HELLMA, Müllheim, Germany).
Temoporfin (mTHPC) was taken from a lot delivered by biolitec pharma Ltd. (Dublin, Ireland).
The methanol solvent used to prepare the Temoporfin solution was of spectroscopic grade (MERCK,
Uvasol®). The obtained experimental spectrum of Temoporfin in methanol was normalized to 1 at the
highest absorption peak in the UV/vis region and agrees with the peaks reported in Ref. [17,18,61].
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