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ABSTRACT

NOVEL TWO-PHOTON ABSORBING DYES: THEIR
POSSIBLE USE IN PHOTOACTIVE APPLICATIONS

In this study, the linear and non-linear optical properties of two recently synthe-

sized polythiophene based dyes, DTP1 and DTP2, were investigated.

In the first part, a thorough conformational search was performed, the absorption
spectra have been obtained at time-dependent density functional theory (TD-DFT)
level considering vibrational and dynamical effects via a Wigner exploration of the
potential energy surface. Furthermore, the excited state topology and electronic density
reorganization have been characterized using natural transition orbitals and the charge
transfer character quantified through recently developed descriptors, also allowing for
the rationalization of the poor interfacial electron injection properties exhibited by the
dyes when grafted on TiO, surfaces. Finally, two-photon absorption (TPA) spectra
have been calculated, extremely high cross sections have been obtained in the infrared
region paving the way to the possible exploitation of the dyes for the development of

photoactive smart materials or photodynamic therapy.

In the second part, the possible pathways leading to the intersystem crossing
and triplet manifold population were examined. In particular, using high level state-
of-the-art molecular modeling methodologies, the remarkable two-photon absorption
(TPA) cross-section was underlined. Intersystem crossing pathways were elucidated
by considering the energy difference between the relevant triplet and singlet states on
the potential energy surfaces as the key critical points. The spin-orbit coupling is also
assessed, and the results globally point to a possible, albeit probably slow, intersystem
crossing that could allow the use of the two dyes as singlet oxygen photosensitizers, for

instance in photodynamic therapy, owing to their high TPA cross-sections.



vi

OZET

YENI GELISTIRILMIS iKi FOTON ABSORBE EDEN BOYA
MOLEKULLERI: FOTOAKTIF MATERYALLERDE
KULLANIMLARI

Bu calismada, yakin zamanda sentezlenen polythiophene bazl iki organik boya

molekiiliiniin, DTP1 ve DTP2, lineer ve lineer olmayan optik 6zellikleri incelendi.

Ik kisimda, boya molekiillerinin konformasyonal arastirmasi yapildi ve absorp-
siyon spektralari zamana bagl yogunluk fonksiyoneli (TD-DFT) kullanilarak ince-
lendi. Dinamik ve titresim etkilerinin absorpsiyon ve emisyon iistiine etkileri, Wigner
dagilimi kullanilarak konformasyonel alan 6rnekleri yardimiyla gerceklestirildi. Ayrica,
uyarilmig hal topolojisi ve elektronik yogunluktaki degisimin, dogal gecis orbitalleri ve
yeni geligtirilmis tanimlayicilar ile Olciilen yiik aktarim ozellikleri de dikkate alinarak
karakterizasyonu yapildi. TiO, yiizeyine yerlestirilen boya molekiillerinin elektron en-
jeksiyon ozellikleri dikkate alindi. Iki foton absorbsiyon ézellikleri hesaplandi ve dikkat
cekici kizil 6tesi iki foton absorbsiyon degerleri nedeniyle, optikge aktif, akilli materyal

olarak enerji depolama amaciyla ve fotodinamik terapide kullanabileceklerini gozlem-

lendi.

Ikinci kisimda, sistemler arasi gecis 6zelligi ve triplet popiilasyonu incelendi. Ozel-
likle, yiiksek seviyede molekiil modelleme metodolojileri kullanilarak, yiiksek degerlere
sahip iki foton absorpsiyon oOzelliklerine deginildi. Sistemler arasi1 gecis ozelligi, siirece
dahil olan uyarilmig hal durumlar: arasindaki enerji farklar: dikkate alinarak incelendi.
Spin orbit eglenmesi degerleri de dahil edilerek, sistemler arasi gecisin, yavas da olsa,
gerceklesebilecegi ve bahsi gegen molekiillerin yiiksek degerdeki iki photon absorbsiyon
ozellikleri sayesinde fotodinamik terapide, tekli oksijen iiretimi i¢in kullanilabilecekleri

sonucuna varildi.
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1. INTRODUCTION

The increasing attention towards clean energy sources creates an impressive surge
in the development and production of optically active materials [1] and dyes. The
prominent interest in clean energy production |2, 3] and designing more efficient systems
lead the scientific efforts for developing systems with applications in varied areas like
molecular mechanics [4,5], medical and biological devices for using in imaging [6,7] or
therapy [8]. The process of designing potent devices and systems [9] requires assessing
and rationalizing the complicated mechanisms that imply nonadiabatic transitions [10,
11] among different excited states, operating the photochemical and photophysical

features at the electronic level.

The spectacular development in the control of the light-dependent function gave
rise to optically active materials to improve and commercialize, and these materials are
also attracting more attention with the possibility to use in a wide range of applications.
Solar energy conversion is one of the areas that chromophores actively use as light
harvesting unit that starts with the foundation of the photovoltaic effect in 1839 by
E. Becquerel and further developed with the new applications like dye sensitized solar

cells (DSSC) [12] in 1991 by Grétzel and O’Regan [13].

Dye-sensitized solar cell (DSSC) mechanism is proceeding with the absorption of
the light in which the dye particles act as photoactive material. The material consists of
a semiconductor with a wide band gap, dye molecules and electrolyte (iodide/triiodide).
Upon photo-excitation, an electron is boosted into the conduction band of semiconduc-
tor that is produced with a hole injection in a redox electrolyte. The electric current
can be generated after the diffusion of the charges to anode and cathode. The difference

of the Fermi level and conductors corresponds to the open circuit voltage.

In this context, absorbing in the low energy region of the spectrum enables acti-
vation of red or infrared light sources, is one of the most desired properties of optically

active materials. Indeed, a deeper penetration of the activating source will be achieved



with such a characteristic feature which is highly beneficial and allows using in a wide
range of applications. As the conjugation pattern of the chromophore is increased, it
would be easier to achieve a global red-shift of the absorption spectrum. As emerg-
ing in recent years, one may resolve the nonlinear optical challenges with two photon
absorption (TPA) that is theoretically conceptualized by Goppert-Meyer in the early
1930s [14]. Upon the excitation, two photons absorb simultaneously in TPA. Hence,
one may expect a monochromatic light source; however, due to the division of the
vertical excitation energy in two, unlike one-photon absorption, and as a result, light

intensities will be doubled.

Different empirical or theoretical rules have been developed in the last years to
rationalize the relationship between chromophores structure and TPA intensity (cross-
section). For instance, centrosymmetric molecules such as donor-7- acceptor-w-donor
(D-m-A-7-D) [18] generally give high cross-section for the Sy — S, transition. Poly-
thiophenes structures and 7-bridged donor- acceptor molecules (D-7-A) have also been
recognized as efficient TPA absorber as confirmed both experimentally [15] and com-
putationally [16]. TPA-based drugs for PDT are particularly attractive to obtain a
significant red-shifted absorption profile. Indeed, Merocyanine 540 (Figure 1.1) is a
commercially used drug, with m-bridged donor-acceptor structure, and have been used

for the treatment of lymphoma.

Figure 1.1: Chemical formula of Merocyanine 540



Consequently, TPA efficiency decreasing much faster than the corresponding
OPA, and, hence, will form only in the focal area of the laser and resulting as a
better spatial resolution and also, managing of the optically active material. In partic-
ular, having a red-shifted absorption and the extremely high spatial resolution make
two-photon absorption an ideal candidate for medical applications such as therapeutic
implications, or for imaging; recently the new improvements in drug design allowing to

perform treatment and diagnosis simultaneously .

In the past few decades, the exploitation of light for therapeutic objectives has
attracted renowned interest, pushed by the possibility of an efficient and selective
treatment limiting the unwanted side effects of more conventional approaches. In this
domain, the photosensitization of biological macromolecular structures, such as nucleic
acids [17, 14|, membranes [18, 10], and proteins [19], is performed to induce the death of
undesired cellular lines, such as cancer cells or bacteria. Light-assisted therapy exploits
the photophysical or photochemical processes triggered by the initial photoexcitation
of a specific drug interacting with a specific cellular compartment. In particular, it
usually requires the population of the drug’s triplet manifold, followed by either direct
photosensitization via electron or energy transfer to the biological structures, or the
energy transfer to molecular oxygen to produce the highly reactive singlet oxygen (1O3)
that will subsequently induce oxidative lesions leading to cellular death [20]. Even
though the former represents the most common processes in light-assisted therapy,
other mechanisms involving different photochemical channels, such as photo-induced

hydrogen abstraction [30] is possible and have been reported.

The activation of singlet oxygen (*O,) gave rise to the well-known phenomenon
photodynamic therapy (PDT) that has gained recognition in the therapeutic modality
in number of diseases, among antibacterial, antiviral [21] and anticancer applications,
even it still remains underutilized clinically. Selectivity in light-induced therapy, and
photoactive components are should not have dark-toxicity; hence a general systemic
effect should be avoided by the selective application of the light stimulus. Other per-
tinent desired features of an efficient PS agent; absorption in the therapeutic window

(600—900 nm) to allow an appropriate light penetration depth and, hence, the treat-



ment of tumors deeper in the body interstitial. In addition, photosensitizer should
also be characterized by an efficient intersystem crossing (ISC), without the presence
of competitive deactivation channels, hence, leading to the population of the triplet
state manifold necessary to achieve oxygen activation. Indeed, the interaction with the
biological systems and the bioavailability profile should also be considered. These pre-
cautions notably provide a significant reduction in the drug side effects by its specific

spatial activation achieved through irradiation.

A\ N\, COOH
NC

Hex

DTP1 DTP2

Figure 1.2: Chemical formula of DTP1 and DTP2

As potential materials, two organic dyes DTP1 and DTP2 that were synthesized
by Sharmoukh et al. and shown in Figure 1.2, will be assessed towards the possibility of
using in photoactive applications; dye sensitized solar cells (DSSC) and photodynamic

therapy (PDT).



2. METHODOLOGY

2.1. Density Functional Theory

Density Functional Theory (DFT) [23] introduced by Hohenberg and Kohn in
1964 [24,25] which mainly states the ground state energy of a system as a functional of
the electronic density. The theory is implemented with Kohn-Sham equations that also
reminiscence non-linear form of the Schrodinger’s equation. The first theorem applies
that the external potential V.. on the molecule, is related to nuclei and determined
by the electron density p(r). The variational principle is introduced by the second

theorem.

The electron density p(r) is depicted as;

p(x) = N/ / |V (21, 29, ..., 7)) |2 dz 1 dsy...dy, (2.1)
where x is the representation of spin and spatial coordinates of the electron.

Noting that,

ﬂmz/ﬁvmwww+ﬂm+n¢ﬂ (2.2)

electronic energy can be described as a functional of electron density with the sum of
the kinetic energy of the interacting electrons ( T]p]) and the interelectronic interaction

energy V..[p]. Rewriting the electron energy by including,

Bl = [ o))+ 7o)+ ] + Euclp 23)

the coulomb energy (J[p]) which defines the unfavorable electron-electron repulsion
energy, the kinetic energy of the non-interacting electrons (7s[p]) and the exchange-

correlation energy functional (FE,.[p]) that is the addition of an exchange functional



E,[p] and a correlation functional E.[p]. Considering density functional theory in
means of Kohn-Sham approach, the Schrodinger’s equation is expressed with a set

of independent reference orbitals , ¥;
1oy
[—EV + VKS] WZ = &; lpz (24)

and Vgg term is described as;

3JM_+3&AM

Vis = VIR + 55000 T Bpr)

(2.5)

Vies = v(r) + ‘f(_’";)n,' dr' + vye(r) (2.6)

in which wv,.(r) represents the exchange-correlation potential. ¥; are the independent

orbitals (Kohn-Sham orbitals), and the exact density is equal to;

MMZXNMQ (2.7)

in the case of the exchange-correlation functional is known exactly. On the contrary,
approximate forms need to be developed like local density approximation (LDA), be-
cause of not knowing the exact form. Local density approximation provides the energy

of a uniform electron gas system where the energy functional is,

Emznm+/mmwm+ﬂm+%m+m (2.8)

Ey corresponds to the electrostatic energy of a positive background. In the presence of

a uniform distribution of particles, the energy expression could be reduced to:

Elp] = Ts[p] + Exc[p] (2.9)



Elp] = Ti[p] + Ex[p] + Ec|p] (2.10)

Starting the kinetic energy functional as,

T[] = Cp / p(r)*/ dr (2.11)

where CF is a constant equal to 2.8712. The exchange functional is given by,

E.[p] = —Cm/p(r)“gdr (2.12)
and C} is equal to 0.7386.

Exchange energy is undervalued by the LDA approach and the correct asymptotic
behavior could not be calculated exactly with it. Therefore, the exact asymptotic
behavior of the exchange energy density of any finite many-electron system can be

obtained with:

lim U] =——
T—00 r

(2.13)

U? is correlated to E,[p] with the equation:

1
_ Ez/pa U dr (2.14)

Becke also suggested a gradient-corrected functional, (B88) [25];

22
E, = ELPA / 419 i d 2.15
62 1+ 6Bz, sinh= 1z, " ( )

in which the component

|V ool

Te =
4/3
pa/

(2.16)



and the empirical constant 5 is equal to 0.0042.

The non-interacting Kohn-Sham reference system (A = 0) is connected to the

fully-interacting real system (A = 1) by the adiabatic connection formula;
1
E,. = / UXdA (2.17)
0

A corresponds to the inter-electronic coupling-strength parameter and U\ represents
the potential energy of exchange-correlation at the intermediate coupling strength. The
approximation of the adiabatic connection formula is:

1 1

Exc _ _ frexact +
! 2

5 ULpA (2.18)

Ul = Egt and U/, = ULP [26].

The closed shell Lee-Yang-Parr (LYP) functional [27] is;

1 1

1 _
EC = —G,/Z_Hlp_l/g{p+ bp_2/57 e~ P I/S}dr (219)
where,

1
=gy = gV (2.20)

The hybrid functionals [28] are obtained with the mixing of LDA, B88, Ef*** and the

gradient-corrected functionals ;

E:rc — EchDA + a0<Exezact . EszDA) + GIAEIBSS + acAEéwnflocal (221)

AECnonflocal — ECLYP _ E‘CVWN (222)



in which AEP%® represents the Becke’s gradient correction to the exchange functional

and in Equation 2.20, the B3LYP functional, the gradient-correction (AEmon~local) tq

the correlation functional is obtained by subtracting the Vosko-Wilk-Nusair correlation

EVWN)
C

functional ( . The empirical coefficients are ay = 0.20, a, = 0.72 and a. = 0.81

[29].
2.2. Time Dependent Density Functional Theory

Time Dependent Functional Theory (TD-DFT) is the quantum mechanical ap-

proach for the excited state of the molecules. The Hamiltonian equation is;

— ~

H=T()+ W)+ Viu(r, t) (2.23)

the sum of the kinetic energy of the electrons (?), the Coulomb interactions between

~

the electrons (/W), and time-dependent potential on the electrons (V). The effect of
the potential is crucial to assess the electronic states of the molecule since it depends

on the external potential.

The Hohenberg-Kohn Theorem is implied a variational principle in the presence

of the action;
ty a R
A:/ (W(t)im — H|w(t))dt (2.24)
to at
¥ is dependent on time-dependent constant,t;
U(rg, e i, ) = Ulp)(t)e" (2.25)

and the constant is added by the phase factor and therefore,

Alp] = / 1 <@5[p](t)ligt — H(O)|P[p)(t))dt + a(t) — alto) = Alp] + const.  (2.26)

to
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Alp] can be expressed as:

Alg] = Bl —/dr/ttl(r, £)p(r, 1) dto (2.27)

In Equation 2.25, B[p| is not dependent on the external potential. An independent
system with the property is;

p(r,t) =3 filWi(r, t)|? (2.28)
shown in Equation 2.26 and by rewriting B|p],

1 1
CF/)5/3 — Qtw + <§tw + Evgp)

1 —1/:
Ec = _a/Z—I—dp_Z/g{p_‘_ b/)_g/g e~ P /?}d’/‘ (229)

In the equation of Blp], the correlational and exchange functional is stated as

Ag.[p] and by implementing the variational principle to Equation 2.25 with limitation:

prot) = 22 flW(r 1) = 320 [(r, 1)) (2.30)

Kohn-Sham equation with time dependency is obtained in Equation 2.29:

— évg + Veﬁf(r, t)] Wi(r, t) = Zg Spi(’l”, t) (231)
¢
Vegr (1, 1) = v (7, 1) + Ve (7, 8) + Veae (7, 1) (2.32)

Time dependent xc-potential in Equation 2.30 can be driven as:

0 Aqep]
dp(r,t)

Upe(T, 1) = (2.33)



11

Because of not knowing the exchange-correlation functional exactly, approxima-
tions should be presented. Besides that, the equations in time dependent density

approach are exact. The Adiabatic Approximation (AA) is;

_ 0Auelp] O Buclp]
op(r,t) — op(r)

Uze [p](T', t) ’pzp(r,t) (234)
in the case of changing of the electron densities, the exchange and correlation potential

change instantaneously.

2.3. Computational Choices

2.3.1. Basis Sets

The wavefunctions are described by basis sets and they are necessary for solving
the Schrodinger’s approach. 3-21G, 6-21G, 6-31+G and 6-311G* are the most preferred
split-valence basis sets that developed by Pople et al. The first number in the basis
set represents the primitives in the core function and the second part in the basis sets
denotes to the number of primitives that are used in the valence functions. The valence
double-( basis and valence triple-( basis are showed by two and three numbers in the
basis sets, respectively. Adding the polarization function by deviating the basis set will
also help to assess the system better. In the case of an electron that is far away from
the core, diffuse functions can be added to the basis set to increase flexibility by “+”
sign for the heavy atoms and “+-+" sign for hydrogen atoms. The non-hydrogen atoms

k)

are depicted with and in the presence of “**” that means the polarization functions

are also included for the light atoms, hydrogen and helium.

2.3.2. Continuum Solvation Models

Continuum solvation models are the most effective approach for the characteri-
zation of solvent effects into the quantum mechanical approach [30]. The number of
degrees of freedom in the system is decreased by defining the models in the continuous

framework and that is one of the advantages of the system [31, 32].
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In these models, the solute is placed in a cavity that is surrounded by a dielectric
environment and solvent is identified as a polarizable medium that is defined by the

static dielectric constant €. Total free energy of the solvation is given by;
AGsolvation =A Gcam'ty + A Gdispersion + A Gelectrostatic + A Grepulsion (235)

in which A Gty is the cost of energy of locating the solute in the medium. In the
solute and solvent interactions, AGgspersion 1s dispersion effect, AGejectrostatic 15 the

electrostatic component and finally, A Gy epuision represents the exchange interactions.

The Poisson equation underlines the main problem of the continuum solvent

models which is related to the electrostatics;
—V PV ()] = 4mpu(7) (2:36)
by simplifying,

—V2V(7) = 4mpy(7) within C (2.37)

—eV2V(7) =0 outside C (2.38)

In Equation 2.37 and 2.38, the portion of space occupied by the cavity is presented

with C, the dielectric function with €, the sum of electrostatic potential with V.
V(7) = V(7)) + Va(7) (2.39)

Vi generated by the charge distribution py; and the reaction potential Vg gener-
ated by the polarization of the dielectric medium. The Polarizable Continuum Model
(PCM) is the most preferred continuum solvent approach and considers the electro-

static, dispersion-repulsion and cavitation energy while calculating the free energy of
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the molecule in a solution. In atomic position, a cavity is defined by means of the

interlocking Van der Waals spheres.

The polarization charges placed on the cavity surface defines the reaction field.
Dielectric PCM (D-PCM), Conductor like PCM (C-PCM) and the integral equation
formalism (IEF-PCM) form the three approach to PCM studies. IEF-PCM methodol-

ogy is preferred in this study.
2.3.3. Wigner Distribution Function

The Wigner distribution [33] is the probability distribution function, introduced
by Eugene Wigner in 1932. Linking the wave function defined by Schrédinger to
a probability distribution maintains the aim of the theory and the shortfall of the
functional is giving negative probabilities in some parts of the phase space, however,

the charge and current densities are sufficiently provided by the method.

The functional is expressed as:

1 > * 7
Plap) == [ &t )0l = periay (2.40)

in which z is the position and p is the momentum of any conjugate variable and V¥ is

the wavefunction. The equation is symmetrical in z and p,

P(z,p) = W—ﬁ/ U (p+ q) U(p — q)e*/dy (2.41)

and ¢ is the representation of the Fourier transform of ¥.

In 3D,

PP ) = / v (7 LESYH 3 ?) 6T 49 g (2.42)
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In the mixed states, Wigner distribution with density matrix is:

1 [ R »
P(z,p) = %/ (z+ y[p|z — y)e P/ dy (2.43)

2.3.4. Functional Choices

The drawback of Density functional theory is the unknown exchange-correlation
term (E,.) and to overcome this and approximate the term properly, different method-
ologies are developed such as Local Density Approximation. LDA is one of the well-
known methods to determine the E,., coming with the shortfall of the assumption of
the electron density being the same in each state as a uniform electron gas. General-
ized gradient approximation (GGA) method [34] is filling the gap by considering the

non-homogeneous feature of the electron density, as shown in Equation 2.42.
ESGAp] = /drn(r)amc(n(r), |An(r)| (2.44)

Hybrid density functionals are the alternate methods and they are the combination of
GGA with a percentage of exact functionals. B3LYP [35] is the most known hybrid
density functional and based on GGA and LDA functionals:

EBSIYP — (1 — a)EFPA 4 aBEFT 4 bAEP + (1 — ¢)EXPA 1 cEFYP (2.45)
in which a, b and ¢ components are stated in the order of 0.20, 0.72 and 0.81.

In some cases, like the polarizability of long chains and TD-DFT calculations such
as excitations, B3LYP is not adequate and that point CAM-B3LYP [36] is exhibited
by Tawada et al. It is the combination of the hybrid side of BSLYP and long-range
correction. In its short range, HF is equal to 0.19 and B88 is 0.81 and in its long range,

0.65 and 0.35, respectively.
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M06-2X [37]| is another functional and belong to Minnesota Functional family
and introduced by Prof. Donald Truhlar and his research team. The functional can be

presented as ;

X
hyb _ EHF 4 (4 EDFT | pDFT 94

where X is the percentage of Hartree-Fock exchange and equals to 54.
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3. AIM OF THE STUDY

The study is mainly about assessing of optical properties of two chromophores
for their applications in dye sensitized solar cells (DSSC) and photodynamic therapy
(PDT).

In the first part, considering the good optical properties of the DTP dyes, an
extensive state-of-the-art modelling investigation of their linear and nonlinear opti-
cal spectroscopy were performed. This includes the sampling of their conformational
space taking into account the dynamic and vibrational effects on the optical proper-
ties. Dynamic effects can be crucial especially in the case of large-scale low-frequency
vibration, such as out-of-plane bending of conjugated rings. Moreover, such effects can
be efficiently included by semiclassical molecular dynamics or Hessian based (Wigner)
sampling of the ground state potential energy surface. The topological analysis of the
excited states density reorganization, also performed via the use of charge transfer
descriptors, allows for rationalizing the rather poor interfacial charge separation. In
addition to the one-photon absorption (OPA), two-photon absorption (TPA) spectra

is also reported, which show remarkably high cross sections in the infrared region.

In the second part, the detailed photophysical analysis of the chromophores and
the intersystem crossing efficiency was evaluated. DTP1 and DTP2 show an efficient
TPA cross-section in the infrared portion of the spectrum and could lead to efficient

singlet oxygen activation.
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4. PROBING OPTICAL PROPERTIES OF THIOPHENE
DERIVATIVES FOR TWO-PHOTON ABSORPTION

4.1. Background

The growing demand in energy supply has reached a point that may not compen-
sate the needs exactly and cause resource depletion in terms of carbon based energy
sources such as oil, coal and natural gas. One of the most significant shortcomings of
current demand on fossil fuels is the lack of knowledge on the serious negative effects,
and the lack of adequate methods to accurately identify them: this is an essential
point to consider for the environmental sustainability. Furthermore, the rising global
consciousness has heightened the interest in clean energy sources and accelerate the
advancement of sustainable and renewable sources. An immense number of alternative
energy initiatives are emerging such as wind, geothermal, hydraulic and solar energy.
It is important to point out that photovoltaic technology is getting attention by be-
ing environmentally friendly and offers a reliable, direct conversion of sunlight into

electrical energy.

Solar energy has the highest theoretical energy potential, comparing to other
alternative energy sources, which is around 89000 terawatts (TW) [38] and 13 TW
energy is needed to sustain the lifestyle of 6.5 billion people and the researches are
presented mankind will need an extra 10 TW energy to maintain the current lifestyle
[39]. For the reasons cited above, solar energy is having the highest interest among
other alternative sources of energy. Hence, the process of new materials in terms of
harvesting sunlight in better efficiency and compensate for the growing demand and

cost of production is the main target in the PV market.

The development of photovoltaic devices started with the silicon solar cell that
was introduced by Bell Laboratories in 1954 [40]. Silicon is still dominating the PV

market; the most probable reason is, silicon is a cost-effective material and highly
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abundant in nature; also it can be processed well and most importantly, it conducts
very well by absorbing the light in the right optical range [41]. Three different man-
ufacture processes that are up to 15-20 % efficiency was developed for silicon-based
solar cells; monocrystalline, polycrystalline and amorphous. It is interesting to note

that crystalline solar cells have surpassed the market, in spite of having a high cost.

The conversion efficiency is important as well as the low production costs and
that leads to an improvement in production towards new classes of materials. Long-
term stability, non-toxicity, efficient photovoltaic conversion capacity, being suitable
for large area applications are some of the expectations for the ideal material for solar
cells. The improvement in the efficiency consists of a large portion of priority in the
manufacturing and production and it is significant that as a competitive. Nevertheless,
reducing the cost is an industrial goal for the market, and that is a challenging issue as
the energy conversion efficiency as affecting the entire value-chain cost of the market
from material manufacture to installation of the system. The loss in the efficiency of
solar cells is arising from three reasons; losing photon because of the surface reflection,
silicon bulk transmission and back contact absorption [42]. In spite of the wide range
of requirements, the market came up with different technologies. In general, inorganic
materials are preferred in the commercialized solar cells, however considering the ad-
vancement in the area, organic solar cells, dye-sensitized solar cells and perovskite solar

cells are also getting the attention.

An interesting new technology was Dye Sensitized Solar Cells (DSSC) that differs
from the conventional solar technology by being cost-effective and user-friendly appli-
cations. The mechanism (Figure 4.1) is similar to the p-n junction photovoltaic effect;
however, it contains titanium dioxide as a porous layer covered with dye particles in
the form of the monomolecular layer. The process starts with the excitation of the
dye molecules by absorbing light and the excited electrons transport to the conduction
band of the titanium dioxide layer. The electrical current is sustained with the con-
tact between the dye molecules and an electrolyte. The main drawback of the DSSC
technology being temperature dependent: at high temperatures, there is the possibility

of leakage and freezing in low temperatures. They are still in early research of devel-
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Figure 4.1: Mechanism of Dye-Sensitized Solar Cells

opment and that kind of unique problems waiting to be solved, besides the negative
qualities, they also meet up with the expectations towards higher efficiency with 16 %

at laboratory conditions.

4.2. Methodology

4.2.1. Computational Procedure

A conformational search was performed on both chromophores, aiming to get the
most stable geometries, with hybrid B3LYP and meta-hybrid GGA M06-2X function-
als. Additionally, long-range corrected hybrid functionals CAM-B3LYP and wB97X-D
were selected for the characterization of excited state nature of the dyes with the help
of the compensation feature of Hartree-Fock (HF) on limitations of DFT in critical
points of charge transfer states. 6-31G(d) and 6-31+G(d,p) were employed for the
modeling process of the ground and excited states, respectively. In order to be consis-

tent with experimental findings, the solvent was selected as dichloromethane (DCM)
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and polarizable continuum method (IEF-PCM) is preferred for the solvent effects.

Charge transfer characterization is the basis of determining the photovoltaic ef-
ficiency in solar cells. Hence, for modeling charge transfer nature of electronic states
quantitatively, the ¢, index is implemented. As mentioned above, ¢, index is the nu-
merical depiction of electron density re-organization and Natural Transition Orbitals
(NTOs) also included for representation spatial distribution of charge on the surface

of the target dyes by using Nancy Ex code.

In the aim of having a precise representation of the optical properties, dynamic
and vibrational environments are adopted by sampling 20, 40 and 60 initial geometries
via Wigner distribution function as implemented in Newton-X code. The vertical
transitions examined with wB97X-D/6-31+G(d,p) level of theory, also convoluted to a
fixed width at half length of 0.2 eV. All quantum chemistry calculations were carried
out with Gaussian 09 code [43].

Two-photon absorption (TPA) values were examined at TD-DFT level (CAM-
B3LYP/6-31G(d)) with linear response method as implemented in DALTON2016 code
and Goppert-Mayer (GM) units (107°° cm?/photon) used for the representation of

cross-section values.
4.2.2. ¢s Index

¢s [44] index is proposed by SRSMC research group from University of Lorraine
to get quantitative information about the charge transfer nature of excited states with
the elucidation of several quantum mechanical descriptors. Assessment of the topology
of the excited states with ¢, index is an efficient way to rationalize charge separation.
In the first step of analyzing of density matrices, the difference between X excited

P, and ground state P, density matrix is calculated

A=P,—P=Yr (AS)u =0 (4.1)
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The investigation of electronic transition is performed in a N-electron system with
K-sized basis set and S term correspond to basis set overlap matrix. AS'is found as zero
as expected since there is not an electron gaining or losing in the system. The density
matrix, A, is diagonalized into § to obtain the orbitals of attachment and detachment

|44];
UG =U'AU; (0)i; =0 ¥V i#J (4.2)
The diagonalized matrix splits into two ways based on sign, o_ and o

@QMZ%((ﬁMiQM)Mm5ZZW$JMM (4.3)

o, includes the positive values and zeros; conversely, o_ includes the negative § values
and sets non-negative ones to zero. By back transformation process of the two diagonal

matrices,

6 =UsUT
I =Us Ut A=A-T (4.4)
A=Uos. Ul

the detachment I', depletion of electron density with the chromophore’s absorbing light
and the attachment A, the electron density increment in the electronic state, density
matrices are obtained. As underlined in Equation 4.1, when the molecule is excited,

no electron lost from the system and that also can be seen as;

Zf:l(rs)uu = Zf:l (AS)W (4.5)

In the 3D space, detachment/attachment matrices are shown with three spatial coor-

dinates £;,§2, &3

0 (€16283) = Z,[f:z Zf:z(T);w@u(ﬁz5253)902(515253) (4.6)



T=I,A

and the charge 9, can be depicted as:
_ — 3
o= [ dg [ a6 [ dgo(ciet = [ denlo)

T=1I,A
Finally, ¢, index can be defined in the 3-D real space:

o= [ e/ or@eald)

1=5| [ P 0] oclonn
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(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

The charge transfer nature of the excited states can be identified by quantitatively

evaluating the ¢, index values that characterize the detachment (or)/ attachment (g4)

densities overlap. ¢, descriptor values range 0 to 1, low values (close to zero) indicates

small overlap between the electronic states and conversely, the values close to 1 imply

high overlap. One may consider that a tridimensional integration grid surrounding the

chromophore will integrate the detachment/attachment densities over the delimited

volume €2 as depicted in Figure 4.2.

0,00

Figure 4.2: Graphical representation of the quantitative topological descriptor ¢s.
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4.3. Results and Discussion

4.3.1. Conformational Analysis

The DTP-7-A dyes have a m-conjugated system which enhances the absorption
in the low energy region of the spectrum and make them proper candidates for optical
devices. Triphenylamine associate the donor part and based on the attachment of the
styryl m-spacer to the pyrrole (DTP1) and to the thiophene (DTP2) on the DTP moiety,
the dyes are classified in two as DTP1 and DTP2 and their photovoltaic performance

is characterized.

In the light of information cited above, the conformational analysis is applied
to both chromophores to evaluate them better in terms of electronic properties. The
lowest energy conformers, within the free energy range of 10 kJ/mol, were selected for
further analysis as can be seen from Table 4.1. In the case of DTP1, the main energy
difference stems from the relative positions of cyano and carboxylate functional groups

274 conformers and in the same direction

that facing the opposite sides in the 1% and
the last three ones. The increasing trend in the relative energies possibly stems from the
electronic repulsion between these functionalities. The almost isoenergetic conformers
DTP1-1 and DTP1-2, structurally differ only in the relative positions of the thiophene

rings that results as a 0.3 kJ/mol difference.

Unlike DTP1 conformers, the cyano and carboxylate group only have trans orien-
tation in the 5** conformer among DTP2 conformers. On the other hand, the alignment
of the hexyl group and the positions of thiophene rings maintain the real energy differ-
ence among the molecules. 2"¢ and 3" conformers have 3.8 kJ/mol energy difference
based on the orientation of hexane and the same trend can be seen between 4" and
5" conformers. It is clear that the hexyl chain has a significant effect on the energy of
DTP2 comparing to DTP1. One may suggest that the hexyl chain causes a competi-
tion among dispersion-driven attraction and entropic factors with the former affirming
compact structures; considering the free energy values depicted in Table 4.1 and a bet-

ter solvent stabilization is enhanced by the disordered structures that are presented by
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the entropic disorder.

4.3.2. Static Level of Theory: Assessment by Considering Functional Per-

formance

Absorption spectra was evaluated for all conformers of DTP1 and DTP2 by using
different functionals: CAM-B3LYP and wB97X-D. In Table 4.2, the vertical excited

energies were analyzed in comparison with experimental data, in nm and eV.

The A, values were red-shifted for CAM-B3LYP comparing to w97X-D, for
both dyes. The reason behind the difference in the trend is the inclusion of empirical
atom-atom dispersion correction in w97X-D functional. The other reason may stem
from the small charge separation, that will be analyzed in the next section, which causes
CAM-B3LYP to give big deviations in the process of reproducing excitation energies.
Considering the vertical transition energies, w97X-D functional is more consistent with
experimental data and favorable for assessing absorption properties of the organic dye

molecules.

The excitation energies were reproduced for each conformer in static terms in
comparison with experimental findings. As depicted in Table 4.2, an extension of
absorption to the red region of the spectrum can be seen for all conformers of DTP2

which is the result of the extended conjugation in the dye molecule.

The experimental findings are almost reproduced for both dyes with the static
approach. Looking at the structural differences between the dyes, one may recognize
DTP2 conformers have absorption maxima values generally in the lower energy region

of the spectra as aforementioned that is possibly due to the extended conjugation.

4.3.3. Excited State Profile

In the characterization of excited state nature of the molecules, as the charge

transfer density re-organization capability is the main target for the usage capacity in
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solar cells, the selected conformations were scanned as the starting point to see the

most probable alternatives of the organic dyes.

Table 4.3: Natural transition orbitals of the selected conformers of DTP1 and DTP2

Dye

oNTO

vINTO

DTP1-1
SO — Sl

s = 0.83

DTP1-1
So — 82

s = 0.88

DTP2-1
So — S

s = 0.90

DTP2-1
SO — 82

s =0.93

Two approaches take into account to determine the characteristics: ¢5 index and

natural transition orbitals (NTOs). ¢, index is the source of the quantitative approach

and it is the overlap matrix between the electron density removed from the ground

state and the rearranged density in the excited state and as the value of the ¢, index

gets closer to 1, the chance of the charge transfer is increasing in order with that. ¢,
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values are shown in Table 4.3 and as can be seen from the table, most of the conformers
indicate a local charge transfer. It is clear that the quantitative methodology pointed
out the dyes are not compatible for use in solar cells because of the inefficient charge
transfer capacities. In correlation with ¢, findings, NTOs for S — S; and Sy — So
are analyzed and the visual representation of the charge transfer is consistent with the

quantitative approach and indicate a local charge transfer characteristic.

4.3.4. Optical Conditions in the Presence of Dynamic and Vibrational Ef-

fects

Both chromophores have an extended w-conjugation and so, one may expect the
conformational space scanning will have an impact on the results compared to static
ones and may give an improvement with experimental data. Thus, 20, 40 and 60 initial
geometries were generated via Wigner distribution to have a better insight about the
absorption properties of the organic dyes (Figure 4.3 and Figure 4.4). The findings are
presented in Table 4.4 and as a result of the vibrational environment the \,,,, values
for all molecules in the red or near visible region of the spectrum and red-shifted in
the presence of dynamic effects. Also, when the conformation space is extended to 40
initials in the potential energy surface, the results shift to the lower energy region of
the spectrum in comparison to 20 initials, especially for DTP1. However, the same
effect cannot be seen for 60 initials, so one may conclude that the number of the initial

geometries do not have a correlational effect on the vertical excitation energy.

In the case of DTP2, almost all of the values were red-shifted and in particular,
for the 4" conformer, Ay _go value is remarkably high comparing to static TD-DFT
results. In general terms, the presence of dynamic and vibrational effects exhibit a

relatively less impact on the Wigner distribution results than expected.

Finally, Boltzmann-weighted absorption spectra is obtained with 60 vertical tran-
sitions (via Wigner) for each conformer to have the best resolved band shape similar

to the experimental one. The obtained absorption spectrum can be seen in Figure 4.5.
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Figure 4.3: Wigner distribution result for the absorption spectra of DTP1.
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Figure 4.4: Wigner distribution result for the absorption spectra of DTP2.
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Table 4.4: Wigner Distribution results for Ay, of the conformers of DTP1 and DTP2

Dye Nab—20 Aab—40 Aab—60 Aab
DTP1-1 | 431 (2.87) | 432 (2.87) | 423 (2.93) | 414 (2.99)
DTP1-2 | 406 (3.05) | 448 (2.76) | 408 (3.03) | 414 (2.99)
DTP1-3 | 443 (2.79) | 445 (2.78) | 425 (2.91) | 415 (2.98)
DTP1-4 | 385 (3.22) | 420 (2.95) | 421 (2.94) | 405 (3.06)
DTP1-5 | 392 (3.16) | 423 (2.93) | 427 (2.90) | 405 (3.06)
DTP2-1 | 446 (2.77) | 483 (2.56) | 476 (2.60) | 458 (2.70)
DTP2-2 | 452 (2.74) | 456 (2.71) | 466 (2.66) | 458 (2.70)
DTP2-3 | 449 (2.76) | 459 (2.70) | 463 (2.67) | 458 (2.70)
DTP2-4 | 467 (2.65) | 470 (2.63) | 501 (2.47) | 457 (2.71)
DTP2-5 | 466 (2.66) | 462 (2.68) | 462 (2.68) | 455 (2.72)
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Figure 4.5: Boltzmann-weighted absorption spectra of the chromophores.
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Figure 4.6: Experimental absorption spectra of DTP1 and DTP1.

The proper application of vibration effects can be observed from the A maxima
values that have small deviations from the experimental ones, only 0.04 and 0.07 eV
for DTP1 and DTP2, respectively. Indeed, the general band shape is reproduced in
similar to the experimental one (Figure 4.6) that is the proof of the vibrational effects

is a good treatment for both dyes.

4.3.5. Two-photon Absorption

Two-photon absorption is the absorption of two photons simultaneously in which
the absorption maxima shift towards the lower energy region of the spectrum as the
result of having higher energy. In addition, TPA spectrum generally appears in the
near-IR, which gives the advantage of the wider scope of application than conventional

one- photon absorption.

TPA absorption results in the vibrational environment for the chromophores tab-
ulated in 4.6 and considering the dynamic resolution of the TPA band, the maxima
values are found as quite satisfying in the optimal phototherapeutic window, for both

dyes. In the spectrum, Sy — S; absorption is around 850 nm and resulted as a broad
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symmetric band. DTP1 cross section value is 450 Goppert-Mayer (GM) while DTP2
presents the cross section up to 740 GM. This shift is due to the extended conjugation
in DTP2 that made it a remarkable candidate for medical applications. The Sy — S,
transition is also characterized by high TPA with maximum absorption at 566 nm for
DTP1 and 624 nm for DTP2. Cross sections are extremely high exceeding 1000 GM
for DTP1 and reaching the impressive value of 7000 GM for DTP2.

Table 4.5: Two-photon absorption via Wigner distribution, DTP1 and DTP2.

DTP1 DTP2

Maz(nm)  O(GM)  Apaz(nm)  O(GM)
820 442 870 742
566 1243.6 624 6977.7

4.3.6. Conclusion

In the first part of the study, the linear and non-linear optical properties of the
two organic dyes were reported with a state of-the- art theoretical modeling approach.
One photon absorption spectra was sampled based on Wigner distribution for modu-
lating vibrational and conformational flexibility. The charge transfer capabilities were
examined by quantitatively via ¢, descriptor and natural transition orbitals were tak-
ing into account for better understanding. It is shown that the dyes generally presented
local charge transfer characteristic and considering that founding, the potential usage

of the chromophores in solar devices was considerably low.

On the contrary, both chromophores showed a remarkable two-photon absorption
cross section values in the red and infrared region of the spectra both for S5 — 5
and Sy — S, transitions that make them extremely promising candidates for medical
applications and for this reason, the study will be continued with the exploration of

the photophysical features of the dyes in terms of singlet oxygen generation.
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5. PHOTOPHYSICAL AND PHOTOCHEMICAL
PROPERTIES: ASSESSING THEIR POSSIBLE USE FOR
SINGLET OXYGEN GENERATION

5.1. Background

Photodynamic therapy (PDT) is a well-known phenomenon; the use of light ac-
tivated drugs, photosensitizers, in the treatment of several diseases, including tumors.
The idea was emerged from the experiment of Oscar Raab, at that time a Ph.D. student
of von Tappeiner, in the study of the toxic effects of acridine on paramecia [46]. The
extensive observation of the effect of light on living cells resulted in the introduction
of the term “Photodynamic action” [47, 48|. The requirement of singlet oxygen for the
action of the photodynamic therapy was introduced by the German group after several
trials. In 1904, the first treatment of the PDT drug, eosin, was presented with the
application to a patient with rodent ulcer in the lower lip. The recovery of the tumor
cells was occurred in a relatively short time, three months, and gave an impressive

surge to the investigation in the area with the design of new photoactive molecules.

Hematoporphyrin was introduced by Scherer in an impure form with the inspi-
ration of the structure of the hemoglobin molecule and extensively analyzed for the
therapeutic purposes [49]. The removal process of the iron from dried cow blood and
later the treatment with sulfuric acid gave life to the leading drug of the PDT history
[49]. The development of the Hematoporphyrin derivate, HPD (Schwartz, Winkelman
and Lipson) [50,51] and the following period with the systematic studies on human and
animals by Dougherty, induced a peak in Photodynamic Therapy [52] and the trend
followed by the first drug approval in the world by Canada government in 1993 which

was a milestone for PDT history.

Photodynamic Therapy is a multidisciplinary approach and as presented in Figure

5.2, starts with the excitation of the molecule by absorbing a photon, from the ground
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Figure 5.1: Energy scheme presenting the overall photoreactivity for DTP1 and DTP2.

state (Sp) to singlet states. At that energy level, the molecule needs to get rid of
the excess energy, so undergoes different transitions to different electronic states. The
molecule may initiate an intersystem crossing to the triplet states that are relevant
to the biological reactions or alternatively, may relax back to the ground state. The
triplet state population may undergo two types of reactions simultaneously: the direct
interaction with the targeted substrate by transferring an electron and forming radicals
to react with oxygen and that resulted with oxygenated products (Type I) or as the
main interaction for most PDT photosensitizers in current use, transferring the energy
to oxygen (Type II) and having a highly reactive oxidizing species (ROS). The type
of the photosensitizer, substrate and oxygen concentrations mainly affect the ratio
between these two types of reactions. The destructive path to tumors consist of three
mechanisms: ROS can directly attack the tumor cells, the shutdown of microvessels
and the activation of an immune response. These three mechanisms may influence
each other and for the long-term controlling of tumor cells, the combination of the

mechanisms is required.



35

30, Photochemistry
Reactive
Activated Drug Oxidizing
Photophysics Species :
hv Drug Photobiology
Cell Death/

Tumor Necrosis

Figure 5.2: Principles of Photodynamic Therapy

Two main components of the PDT are photosensitizer and light in proper wave-
length as mentioned above. Rapid clearance, chemical purity, selectivity for tumor
cells, chemical and physical stability are some of the desired features of an ideal sensi-
tizer. In the case of light, the preferred range is in 600-900 nm since hemoglobin has an
effective absorption rate under 600 nm and may capture the incoming photons and at
higher wavelengths, the energy will be insufficient for initiating the generation of sin-
glet oxygen. In that therapeutic window, designing the molecules with more efficient
photochemical properties forms the main interest of the research as these molecules
may provide the capacity to penetrate deeper into the activating source. The efforts

through achieving that goal continue with developing new systems or molecules.

Two-photon absorption (TPA) is an alternative emerging area in medical appli-
cations and getting attention by efficient absorption values in the redshifted area of the
spectrum. TPA differs from one photon absorption (OPA) by doubling the wavelength
and unlike OPA, it is the non-linear process of absorption of two photons simultane-
ously. The light intensities are close to the desired optimal threshold of cell damage
and the positive aspects of 2PA-PDT are demonstrated by Collins et al. in the blood

vessel closure in mice and by Zou et al. in xenograft tumors.
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5.2. Methodology

5.2.1. Computational Procedure

Conformational analysis has been implied to model the photophysical proper-
ties appropriately of the two polythiophene-based dyes and the conformations assess
through reproducing singlet oxygen by contemplating the relative positions of the sin-
glet and triplet excited states. Sy, S; and Ty minima geometries of the molecules have
been optimized at the hybrid B3LYP exchange correlational functional with the 6-31G*
basis set. Density functional theory (DFT) was selected for the optimization of the
ground state geometries and The Tamm-Dancoff approximation (TDA) was employed
for the excited state calculations with CAM-B3LYP/6-31+G(d,p) level of theory. All
quantum chemistry calculations were carried out with the Gaussian 09 software pack-
age and Polarizable Continuum Model (PCM) were used to parametrize solvent effects

for water.

In order to model the potential energy surface with the critical points, dynamic
and vibrational effects were included, 20 snapshots have been sampled from Wigner
distribution for absorption, fluorescence and phosphorescence spectra via Newton-X
program. The vertical transitions have been convoluted with Gaussian functions of 0.2
eV full width at half maximum. The absorption spectra that corresponds to vertical
transitions from the Sy to S; state has been modeled by convolution of the vertical tran-
sitions from ground (Sy) state and the fluorescence spectra which is the de-excitation of
singlet excited state to ground state computed by employing vertical transitions from
first excited (S;) state and the solvent is equilibrated to the excited state of interest.
Phosphorescence, originates between the states of different spin multiplicity, analyzed
in coherence with fluorescence spectrum. The charge transfer characteristic of the elec-
tronic transitions, by means of natural transition orbitals (NTOs), has been obtained

by using Nancy EX software package.

Two-photon absorption (TPA) cross sections are computed at TD-DFT level
(CAM-B3LYP/6-31G*) using linear response methodology as implemented by Rizzo
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and co-workers by using DALTON2016 code and the cross-section values are repre-

sented in Géppert-Mayer (GM) units (107 ¢cm? photon™).

Finally, to properly quantify the intersystem crossing mechanism, the interpola-
tion coordinate is generalized between the first singlet (S; minima) and triplet state
(T minima) optimized geometries that are calculated B3LYP /6-31G* level of theory.
The spin orbit coupling values have been obtained with Amsterdam Density Functional

at CAM-B3LYP/DZP level.

5.2.2. Tamm-Dancoff Approximation

Tamm-Dancoff approximation is an alternative approach to TD-DFT since it has
some inadequacy in extrapolating the excitation energies of the charge-transfer states
and obtaining the long-range 1/R dependence on donor-acceptor distance accurately,
examining the double excitations and it also some troubles in triplet instability prob-

lems [55].

Hence, ad-hoc approximations gain attention by giving more accurate results
for solving the aforementioned problems. In this way, Tamm-Dancoff Approximation
(TDA) is considering only positive energy electron-hole pairs and in particular, one
electron pair’s propagation is assumed in any time interval by reason of the interplay

among electron-hole pairs at negative, and positive energies are not included [57].

The polarization functions could be presented with ab-inito Bethe-Salpeter (BS)
equation and external parameters are disregarded. Moreover, TDA provides a reliable
result for an unstable stable system in the calculations of singlet and triplet excitation
energies and the other advantage [58]| is, it has comparatively short operation period
in contrast to TD-DFT. As a comprehensive approach on analyzing the excitation
energies that can be presented as the solution of the generalized eigenvalue equation:

M N\ [X, 1 0\ (X,

L = Wy (5.1)
N wm) \y, 0 -1/ \y,
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In Equation 5.1, the amplitude vectors are Xp and Y, [59]. In the case of the single
excited configuration interaction, N matrix is eliminated and the simplified equation

is:
MX, = w,X, (5.2)
wp, the excitation energy is defined as:

wp =Y (ea—&)X2+ Y [(ibllaj) + Ba,s,] Xai Xy (5.3)

ai abij

In the presence of a solvent, the total energy of excited state p;
TDA HF
G, =G, +wp (5.4)

in which GJI is the energy of the ground state and w,, is the Tamm-Dancoff approxi-

mation excitation energy.
5.2.3. Spin Orbit Interactions

Spin orbit interactions or spin orbit coupling can be defined as the interaction
of magnetic movements of spin and orbital. Energy level splitting occurs as a result
of the interaction and the first-order perturbation may use for describing the shifts in

%
orbital energies. Electrons have angular ( ') and spin angular momentum (?)

)
/'S

Figure 5.3: Orbital and spin angular momentum vectors
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As depicted in Figure 5.3, the total momentum ( j ) is the vector addition of the

momentums:

- =
j 4

-7+ (5.5)

These magnets have the most stability in the antiparallel position and conversely,

least stable while they are parallel to each other. The energy of the interaction of spin

and orbital momentum is,

(5.6)

In the Hamiltonian operator, spin orbit coupling is introduced with an extra term:

ﬁs-o = f(7")zg (5.8)
in which f(r) term is;
1 dv
J(r) = 2M?2c?r df’r) (5.9)

and by evaluating Equation 5.3 with
_>
T2=(T?+ 9% (5.10)
the term we get

1 ~ ~ ~
Hs o= Ef(r)J’Q — L7 - 5* (5.11)
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Stating this

J2—T2 = S%n,j,my, b, s) =5+ 1) — 11+ 1) — s(s + DRE*(F(r)) (5.12)

. -~ . 1.
<n7]7 myj, lv S|HS—O|n7.]7 my, l, 8) = Z](] + 1) - l(l + 1) - S(S + 1)|h2<f(7’)> (513)
f(r) is not related to spin or angular momentum and expressed as,

) = 5roagres | s R0 dr (5.14)

S8megM?2c?

the term Z corresponds to the effective atomic number.
5.3. Results and Discussion
5.3.1. Conformational Analysis of S; Minima

For assessing the photophysical characteristics of the molecules, the complete set
of conformers (free energy range of 10 kJ/mol) are optimized at the lowest electronic
state (S;) state (Table 5.1). The main difference between the conformers is based
on the orientation of the carboxyl and cyano groups which is the probable reason
for the electric repulsion. Hence, the relative positions of the energy landscapes are
modeled and for quantitative analysis; spin-orbit coupling (SOC) values are compared.
The minor differences in SOC values are examined in combination with the vertical
excitation energies, and the outcome can be ascribed to the slight difference in their
relative free energies which have virtually no effect on the cross sections. Considering

the results, the lowest energy conformers are decided to use for further analysis.
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5.3.2. One and Two-Photon Absorption

Two-photon absorption has advantages over one photon excitation and has several
application areas like therapeutic purposes, laser scanning, and microscopy. Consider-
ing the good TPA absorption properties of DTP dyes, one photon absorption (OPA)
and two-photon absorption (TPA) spectrums have been investigated and reported in
Figure 5.4. and Figure 5.5. Emission of two photons of identical frequencies resulting
populating much longer wavelengths than conventional one photon absorption (OPA)
at a higher intensity. Concerning the general band shapes, the resemblance is signifi-
cant and almost superimposable images of each other due to the non-symmetric feature
of the dyes. On the other hand, the absorption maxima for the Q-bands in the lower

energy region and have less intensity than Soret bands.

The results obtained with the long-range corrected hybrid functional CAM-B3LYP
in water and the absorption maxima of the dyes compatible with the experimental data,
with a minor difference of only 0,01 eV for DTP2. (Experimental absorption maxima
in DCM is 2,98 ¢V (415nm) and 2,71 ¢V (457nm), respectively for DTP1 and DTP2).
The effect of solvent is evident that molecules appear to be slightly affected by the
polar environment and the inclusion of different solvents have a moderate impact on

Amaz Values for both dyes.

The TPA absorption cross-sections also, as expected, lie in the red or near infrared
region of the spectrum for both DTP1 and DTP2. TPA cross-sections are remarkably
high around 1000 GM for DTP1 and 8000 GM for DTP2 due to the larger conjugation
of poly-thiophene rings. The m-conjugated bridge linked with a thiophene moiety in
DTP2 enhances the effect and in particular, DTP2 has the highest observed TPA

intensity among the neutral compounds in the literature.

Hence, the particular analysis of natural transition orbitals (NTOs) may give an
understanding of the OPA and TPA spectra. Based on the vertical excitation, acceptor
(A) and donor (D) parts can change: Sg — S; NTOs depict A-7-D, noncentrosymmetric

dipolar chromophores, and the charge transfer is obtained from thiophene moiety to
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cyano group across the backbone. As mentioned above, to maximize TPA absorption
characteristic, two requirements are needed: the molecule should be centrosymmetric
which will favor the second requirement; an intermediate state between the ground and
final excited state. These conditions are also fulfilled for Sg — Sy NTOs: the dyes act as
almost centrosymmetric A-m-D-7-A system. In DTP1: both of centered thiophene ring
behave as acceptors and bridge as a donor; on the other hand, in DTP2: two thiophene
rings and the cyano group behave as acceptors, including the central phenyl moiety as
the donor. DTP2 chromophore has a higher TPA cross-sections values comparing to

DTP1, thanks to extended conjugation and the more centrosymmetric feature.

The inversion in the peak intensities between TPA and OPA can also be explained
in the light of these findings: the Sy — S (Sg — S) transition is much brighter than
the Sg — S; (So — S2), for TPA (OPA), nearly preserving the intensity ratio.

Coherently, there are two possible relaxation pathways for the excited molecules;
one is fluorescence from S; state (following interval conversion, So — S;) and the other
one is phosphorescence from T; state, in the presence of intersystem crossing. The
probability of intersystem crossing was evaluated by considering SOC values and the
energy window between the relevant states: 4 eV was found for 20 initial geometries,

generated via Wigner distribution functional around the Franck-Condon region. Two
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requirements need to be fulfilled for an efficient ISC: the energy difference between the
involved singlet and triplet states and the SOC: the higher values represent the small
energy gap between singlet-triplets and the higher probability for ISC to the triplet

manifold.

Considering the energy window (Figure 5.14a,d) for both chromophores, the S;
state is lying close to Ty and S, places in between T4 and T5. The second requirement,
SOC values are calculated for the quantitative approach for the possible cases; S; —
Ty (Figure 5.14b,e) and Sy — T4,5 (Figure 5.14c¢,f) and the values were smaller than
5 cm~!. Therefore, one may conclude that relaxation from S; state is definitely more

desired path than ISC, at least in the neighborhood of the Franck—Condon area.

Two possible relaxation pathways in principle should be taking into account as
possible and the emission spectra for both dyes are shown in Figure 5.9 and Figure 5.10
in which they are behaving in similar. Noting that the process of geometry relaxation
from both singlet and triplet electronic states does not include any vital change in
the conformations of the dyes. As expected, the spin-forbidden feature of the phos-

phorescence resulted as a broader band shape than fluorescence with less intensity.
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Both spectra obtained by sampling around the relative minima (S; and Ty) in terms
of vertical transition via Wigner distribution which is also an indirect representation
of potential energy surface and as depicted in Figure 5.10: phosphorescence has a
wider and smoother region comparing to fluorescence, ranging from 900nm to 3000nm.
However, S; minimum region has a narrow and steeper character and centered around
500nm for both dyes. Coherently with the band shapes, the stroke shift is smaller for
DTP2 compare to DTP1 which is around 100 nm.

Considering SOC values around S; minima, one may think that ISC possibility is
almost non-present. On the other hand, the relevant states for ISC efficiency are close
energetically, at that point, fluorescence still has a higher chance; however, based on
the observations, it will be in competition with triplet population from excited singlets

as being energetically feasible, but probably in a slow pace.

5.3.3. Effects of Conformations on Absorption and Emission Spectra

Looking at the conformational space for both dyes, several conformations were
stated both for Sg and S; minima, even the isoenergetic ones, thanks to structural flex-
ibility. The absorption and emission spectra were obtained by convoluting the vertical

excited energies of five selected geometries with a multiconformational static approach
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and presented in Figure 5.11 and Figure 5.12. Comparing to the absorption spectra
of a single conformational approach, involving the presence of vibrational effects, al-
most the same band shape was obtained as well as the fluorescence. In the presence
of vibrational environment, the A maxima (absorption and fluorescence) has revealed
red-shifted values regarding static analysis for a range of 40-50 nm which is reasonable.
Thus, the methodology confirms the photophysical characteristics can be reproduced
by each strategy. On the other hand, the inclusion of the vibrational environment on
the lowest energy conformation matches the experimental findings in a more realistic
way. The reason behind this should be the high amplitude out-of-plane normal modes,
low frequencies are reproduced with this method which breaks the conjugation patterns

of excited and ground states.

5.3.4. Intersystem Crossing Pathways

As with the excitation of the molecules to the probable states S; and Sy with OPA
and TPA, for the further analysis of relaxation pathways of the dyes; the potential
energy surfaces and the relation between the states of interest are investigated (Figure
5.13). At first, the energy landscape between S; and T; minimum is searched for the
probable singlet-triplet crossing and there is a small chance for a direct crossing to
T, state. Despite having an energy gap around 0.5 eV and the moderate SOC value
(around 0.2 cm™1), there may be a possibility for intersystem crossing, but with a slow

channel. S; is also energetically close to Ty, but the energy of the singlet state is lower.

Furthermore, indirect paths for the ISC system is investigated with S, state which
is energetically degenerate with T3 state for both dyes leading the path to be unfa-
vorable and that is also correlated with the low spin-orbit coupling values. When the
electronically excited states are close enough in energy, even in the presence of low
spin-orbit interaction, intersystem crossing may occur. On the other hand, So — T
— Ty — T4 cascade is another channel for relaxation back to the ground state with
a fast-internal conversion among the triplet states. Beyond that, the energy difference
between S, and S; is around 1.3- 1.5 eV and one may extrapolate that ISC mechanism

may also start with an internal conversion. The relaxation pathway may start from
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both through direct S; — T or indirect Sy — T35 — Ty — T triplet manifold popu-
lation. Both dyes show a similar pattern in relative energies of states of interest and

pathways that leads to similar conclusions.

When the compounds reached the triplet manifold, in T region, the relaxation
to the ground state will be followed by phosphorescence. Since it is an unfavorable
process (because of the spin forbidden feature), in principle, the slow time scale may
favor the generation of singlet oxygen. As considering the band gap of 30, — 10,
is 0.97 eV by infrared emission, a probable energy transfer could be forecasted from

excited Ty state to molecular oxygen for DTP1 and DTP2.

5.3.5. Conclusion

In the second part of the study, the non-linear absorption feature of the organic
dyes and the photophysical behavior were assessed. Especially, two-photon absorp-
tion properties of the dyes were extensively studied with high state-of-art modeling
methodologies. Two organic chromophores presented remarkably high cross-section
values comparing to commercialized TPA absorbers for both excited states, Sq — S

(around 1000 GM for DTP2) and Sy — Sa (almost 8000 GM for DTP2).

The probable pathways leading to ISC and the triplet manifold population were
examined with two strategies: (i) creating a pathway (interpolation coordinate) among
the relevant states on the potential energy surfaces in order to provide the energy
difference and the critical point; (ii) the spin-orbit coupling is applied with the aim of
defining a quantitative measurement for ISC mechanism. The results pointed a possible
intersystem crossing, probably slow and the organic dyes could be ideal candidates for

photodynamic therapy applications.
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6. FUTURE REMARKS

Two recently synthesized poly-thiophene dyes (DTP1 and DTP2) were assessed
through their photophysical and photochemistry properties in terms of state-of-art
computational methodologies. The excited state nature of two potentially promised
photosensitizers was extensively studied in two hot topics; dye sensitized solar cells and

singlet oxygen generation.

The study of linear and non-linear approach with the combination of conforma-
tional effects and in the presence of the vibrational environment were included in the
research of optical features. The electronic density re-organization revealed that the
dyes were not exactly compatible in using DSSC due to moderate charge separation.
On the other hand, the spectacularly high two photon absorption values in the red and
infrared region of the spectrum (for Sy — S; and Sy — Sy) further triggered the study
towards biological applications in means of photodynamic therapy. Relatively higher
spatial resolution than conventional methods is the desired outcome of TPA which
increase the feasibility of reaching deeper regions of the tumors. The high cross sec-
tion values construct the photosensitizers as potential candidates for 2PE-PDT drugs.
Considering the ideal properties and for this reason, the study is extended to sin-
glet and triplet state characteristics, investigating and understanding of singlet oxygen
generation. A multiconformational static approach and a singleconformation dynamic
approach were represented methodologically. The peculiar feature of the photosensitiz-
ers act as noncentrosymmetric (A-m-D) for Sy — S; and centrosymmetric (A-m-D-7-A)
for Sy — Ss excitations lead to the possibility of intersystem crossing and triplet man-
ifold population even in a slow pace. Hence, the high probability of producing singlet
oxygen is shown that the dyes particularly suited for PDT applications. Medical stud-
ies are also required for the dark toxicity and bioavailability aspects; however, this is

clearly beyond the scope of the current work.

The presented theoretical studies propose a quite complete picture of the pho-

tochemistry and photophysics of the chromophores. In the future, the study will be
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extended to photosensitization properties of the molecules towards biological mem-

branes.
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Abstract We report a state-of-the-art characterization of
the linear and nonlinear optical properties of two recent
synthesized organic dyes based on the 2,5-dithienylpyr-
role motifs. In particular after a careful conformational
search was performed, the absorption spectra have been
obtained at time-dependent density functional theory level
taking into account vibrational and dynamical effects via
a Wigner exploration of the potential energy surface. Fur-
thermore, the excited state topology and electronic den-
sity reorganization have been characterized using natural
transition orbitals and the charge transfer character quan-
tified through recent developed descriptors, also allow-
ing for the rationalization of the poor interfacial electron
injection properties exhibited by the dyes when grafted on
TiO, surfaces. Finally, two-photon absorption spectra have
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been calculated, extremely high cross sections have been
obtained in the infrared region paving the way to the possi-
ble exploitation of the previous dyes for the development of
photoactive smart materials or photodynamic therapy.

Keywords Two-photon absorption (TPA) -
2,5-Dithienylpyrrole (DTP) - Time-dependent density
functional (TD-DFT) - Vibrational resolved spectra

1 Introduction

The impressive advancement in the control of light-induced
function at the molecular level has triggered a spectacular
development of light-active molecular materials covering
a broad range of applications. As a non-exhaustive exam-
ple, one can cite molecular photocatalysis [1-3], or smart
materials based on light-triggered optical switch leading to
molecular machines [4-6]. The latter development has most
notably been awarded the Nobel Prize in Chemistry in 2016
[7]. Optically active compounds and dyes have also found
successful applications in the field of solar energy conver-
sion as light harvesting components in the dye-sensitized
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solar cells (DSSCs) [8], developed in 1991 by Gritzel and
O’Regan [9] and recently arrived to full commercialization.

Furthermore, dyes absorbing in the visible or infra-
red are also exploited for therapeutic purposes such as for
instance the photodynamic therapy [10-13] used in antivi-
ral [14], antimicrobial [15] and anticancer [16, 17] treat-
ments. This strategy notably allows a significant reduction
in the drug side effects by its specific spatial activation
achieved through irradiation.

In order to increase the efficiency and the applicability
of light-active materials and compounds, one should seek
high intensity absorption at long wavelengths. Indeed, red
or infrared light is much more penetrating than the shorter
wavelengths, especially in biological tissues. In order to
allow the treatment of lesions located deeper than the epi-
dermis layer absorption in the so-called therapeutic win-
dow (600-800 nm) [18] is needed. In addition with red
light photons, being less energetic, the possibility of col-
lateral photodamages is strongly reduced.

Different strategies have been developed to allow
for efficient red light absorption such as extended
m-conjugation or the combination of m-bridged donor
acceptor molecules (D-w-A). A promising alternative con-
sists in the exploitation of nonlinear optical properties
and particular two-photon absorption (TPA) phenomena
[19-21]. If we consider irradiation by a monochromatic
laser source, the energy needed by the photon to resonate
with the chromophore and induce electronic transition will
be half the excitation energy, as a consequence absorp-
tion wavelength will be doubled. Furthermore since TPA
is a nonlinear phenomenon, the absorption probability will
depend on the square of the light source intensity, in con-
trast to the linear dependence of one-photon absorption.
Hence, absorption, and light activation, will be restricted
only to the focal region of the laser source allowing for an
optimal spatial resolution definitively desired in medical, or
high technology, applications.

Different empirical or theoretical rules have been devel-
oped in the last years to rationalize the relationship between
chromophores structure and TPA intensity (cross section).
For instance, centrosymmetric molecules such as donor-m-
acceptor-nt-donor (D-w-A-w-D) [22] give generally high
cross section for the S, — S, transition. Polythiophenes

Scheme 1 Chemical formula of
the DTP1 and DTP2 molecules

@ Springer

structures have also been recognized as efficient TPA
absorber [23] as confirmed both experimentally [24] and
computationally [25].

In the past, we reported the synthesis and the characteri-
zation of two poly-thiophene-based dyes 2,5-dithienylpyr-
role: DTP1 and DTP2 (Scheme 1; Fig. 1) [26]. The two
D-m-A chromophore were designed to provide reasonable
light-induced charge transfer to be exploited as DSSC sen-
sitizers. The all-organic devices were assembled by TiO,
sensitization and their performance measured, despite of
good absorption properties and surface coverage, the pro-
duced photocurrent was relatively low, suggesting non-
optimal interfacial electron separation and injection [26].

Taken into account the good optical properties of the
DTP dyes, we perform an extensive state-of-the-art mod-
eling investigation of their linear and nonlinear optical
spectroscopy. This includes the sampling of their confor-
mational space taking into account the dynamic and vibra-
tional effects on the optical properties. As recently shown
in a number of diverse applications [27-30], dynamic
effects can be crucial especially in the case of large-scale
low-frequency vibration, such as out-of-plane bending of
conjugated rings. Moreover, such effects can be efficiently
included by semiclassical molecular dynamics or hessian-
based (Wigner) sampling of the ground state potential
energy surface [25, 31]. The topological analysis of the
excited states density reorganization, also performed via
the use of newly developed charge transfer descriptors
[32-34], allows for rationalizing the rather poor interfacial
charge separation. In addition to the one-photon absorp-
tion, we also report the calculated TPA spectra, which show
remarkably high cross sections in the infrared region, thus
making our two dyes good candidates for nonlinear optical
applications.

2 Computational methodology

A conformational analysis was performed on both dyes in
order to obtain the most stable geometries. Hybrid B3LYP
[35] and meta-hybrid GGA M06-2X [36] functionals were
used for ground state optimizations. Both ground and
excited states were calculated using the Gaussian09 [37]

N\ \,—COOH

NC

Hex
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Figure A.1. Article 1. (cont.)
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Fig. 1 Optimized structures (B3LYP/6-31G(d) with IEF-PCM in DCM) and relative Gibbs free energies (kJ/mol) for selected conformations of

DTP1 and DTP2

software package. Long-range corrected hybrid function-
als were used for vertical excitations, since they include the
long-range exact Hartree—Fock [38] (HF) exchange which
compensates for known limitations of DFT in the descrip-
tion of charge transfer states [39]. CAM-B3LYP [40] and
wB97XD [41] functionals and 6-314+G(d,p) basis set were
used to model the excited states of the dyes. Solvent effects
were taken into account using polarizable continuum
method (IEF-PCM) [42, 43] in dichloromethane (DCM)
both for conformation analysis and in the calculation of
excitation energies.

To quantitatively characterize the charge transfer nature
of the electronic excited states, the @ index [32-34] is cal-
culated for the target dyes. It mainly describes the overlap
between the electron density in ground state and the rear-
ranged electron density in excited state. When the value of
&s index is close to 1, a local transition can be postulated
because of the high overlap between ground and excited
state densities. On the other hand values close to 0, stem
from a small overlap indicates a charge transfer character
for the corresponding electronic transition. ®s and natural
transition orbitals (NTO) [44] have been calculated with
the Nancy_EX code [34].

To gain more insight into optical properties, dynamic
and vibrational effects were included. A total of 20, 40
and 60 initial conditions were randomly sampled from the
Wigner distribution [45] which is obtained as a quantum
mechanical harmonic oscillator of the ground vibrational
state, as implemented in the Newton-X [46] program. From
all the chosen, Wigner conformation vertical transition
energies were obtained using ®B97XD level of theory and
6-314+G(d,p) basis set. The initial conditions were gener-
ated using vibrational frequencies and normal mode vectors

of the ground state optimized geometries (B3LYP/6-31G(d)
level of theory) for absorption. To obtain a better represen-
tation of the spectrum, vertical transitions have been convo-
luted with Gaussian functions of fixed width at half length
(FWHL) of 0.2 eV.

Two-photon absorption [47] (TPA) cross sections are
calculated using the linear response formalism as imple-
mented in DALTON2016 [48] program package. CAM-
B3LYP/6-31G* level of theory is used. Cross section values
are tabulated in Goppert-Mayer units (107>° cm* photon™")
in order to settle a direct comparison with the experiments.
In addition, as for one-photon absorption dynamic effects
on TPA have been estimated by Wigner distribution using
20 initial conditions.

3 Results and discussion

Structural and optical properties of two organic dyes, DTP1
and DTP2, were investigated to gain insight into their
charge induction capabilities for use in dye-sensitized solar
cells as well as their potential for use in nonlinear optical
processes such as two-photon absorption (TPA), which is
known to be enhanced by the presence of thiophene groups.

3.1 Conformational analysis of the ground state

To accurately assess the optical properties for both
organic dyes, their conformational spaces were thor-
oughly scanned. A selection of the lowest energy con-
formers—within a free energy range of ~10 kJ/mol—was
chosen for further analysis. Both functionals point to the
same set of the lowest energy conformers, albeit some

@ Springer

Figure A.1. Article 1. (cont.)
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minor differences in their relative free energies are found.
B3LYP-optimized structures and relative free energies for
the selected conformers of DTP1 and DTP2 are depicted
in Fig. 1. The complete set of conformers and their rela-
tive energies (B3LYP and M06-2X) are given in Table S1
(in supporting info).

Conformers of DTP1 mainly show structural differ-
ences with respect to the positions of their cyano and car-
boxylate functionalities. While the isoenergetic DTP1-1
and DTP1-2 have these two groups facing opposite direc-
tions, the other three have them facing the same side,
possibly leading to electronic repulsion and increasing
their relative energies. For the isoenergetic conforma-
tions, the main structural differences stem from the posi-
tions of the relative orientation of the thiophene rings,
which results in a 0.3 kJ/mol difference between the two
conformations.

With the exception of DTP2-5 presenting a trans-ori-
entation, all the others conformers of DTP2 have the same
conformation with respect to the cyano and carboxylate
groups aforementioned. The energy difference between
DTP2-1, DTP2-2 and DTP2-3 is mainly originated from
the positions of the thiophene rings and the alignment of
hexyl. The effect of hexane, for the DTP2-2 and DTP2-3
conformers, result in a 3.8 kJ/mol differences. This effect
also can be seen for conformers DTP2-4 and DTP2-
5. Compared to DTPI1, the position of hexyl group has a
remarkable effect on the energy of DTP2. Indeed, the effect
of the hexyl chain may be seen as a competition between
enthropic factors and dispersion-driven attraction with the
latter aspect favoring more compact structures; the analysis
of the free energy differences provided in Fig. 1 unambigu-
ously points toward the prevalence of enthropic disorder
that is also enhanced by the fact that the disordered struc-
tures allows for a better solvent accessibility and hence a
larger solvation stabilization.

3.2 Static level of theory assessment: functional
performance

Absorption spectra were calculated for all optimized con-
formations of DTP1 and DTP2 depicted in Fig. 1. Table 1
collects the ®B97X-D and CAM-B3LYP values of A, in
both nm and eV.

For both dyes, CAM-B3LYP A, values are red-shifted
compared to ®wB97X-D. Both functionals account for
the non-Coulomb part of exchange functionals, however,
®B97X-D functional also includes an empirical atom—atom
dispersion correction [41] which may partially account for
the different trends in the static results. Also, when only
a small charge separation is present, CAM-B3LYP may
experience important deviations in reproducing excitation
energies [49, 50]. The differences in the vertical transition
energies are in the order of 1072 eV, which further rein-
forces the use of ®B97XD as a functional quite suitable for
reproducing absorption properties of these molecules.

The outcome of the static results are promising as the
experimental values [26] was reproduced for almost each
conformer. When the structures of the two organic dyes
are compared, the extended conjugation in DTP2 is seen
to cause the extension of the absorption toward the low-
energy region of the spectrum, both experimentally and
theoretically.

3.3 Excited state topologies and NTO’s

Vertical transitions from each ground state conformer to
their respective first excited (S;) and second excited states
(S,) have been taken into account to model the charge
transfer character. The @, index, which describes the over-
lap between the electron density removed from the ground
state (detachment density) and rearranged in the excited
state (attachment density), was calculated to obtain a

Table 1 Benchmark

. . Agp for DTP1 Ay, for DTP2
calculations and experimental
results [26] for absorption of ®wB97X-D* CAM-B3LYP* Expt. ®wB97X-D* CAM-B3LYP* Expt.
DTPI1 and DTP2 conformers
DTP1-1 414(2.99) 431(2.87) 415(2.98) DTP2-1 458 (2.70) 479 (2.58) 457 (2.71)
306 (4.05) 311 (3.98) 334 (3.71) 291 (4.26) 316 (3.92) 364 (3.40)
DTP1-2 414(2.99) 431 (2.87) DTP2-2 458 (2.70)
306 (4.05) 311 (3.98) 292 (4.24)
DTP1-3 415(2.98) 431 (2.87) DTP2-3 458 (2.70) 479 (2.58)
305 (4.07) 310 (3.99) 290 (4.27) 318 (3.89)
DTP1-4 405 (3.06) 418(2.96) DTP2-4 457 (2.71) 478 (2.59)
287 (4.32) 290 (4.27) 291 (4.26) 316 (3.92)
DTP1-5 405 (3.06) 419 (2.95) DTP2-5 455(2.72) 477 (2.60)
287 (4.32) 290 (4.27) 290 (4.27) 315(3.93)

Amax Values are given in nm (eV in parentheses)

¢ All vertical excitations were calculated on B3LYP/6-31G(d)-optimized geometries using 6-31+G(d,p)
basis set and IEFPCM in DCM
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quantitative measure for the ease of charge transfer upon
photon absorption and gives an indirect assessment of
the potential for charge injection in DSSC’s. &, values
for DTP1 and DTP2, illustrated in Fig. 2, are close to 1,
indicating a high level of overlap between the two afore-
mentioned densities; hence, a local charge transfer, which
deems them ineffective for use in solar cells. This also
explains the low level of efficiency previously observed
experimentally [26]. Furthermore, occupied and virtual
NTOs, describing vertical transitions for S, — S; and
Sy — S,, are depicted in Fig. 2. Consistent with the high @,
values obtained for both dyes, visual inspection of oONTO
and VNTO’s for each transition show an almost localized
charge transfer.

3.4 Dynamic and vibrational effects on optical
properties

As mentioned earlier, due to the extended conjugation in
the chromophore systems under study herein, the dynamic
and vibrational effects are expected to be significant.

Hence, the ground state conformational space is explored
using a Wigner distribution obtained from vibrational
frequencies that were calculated for each conformer. To
include dynamic effects, the initial conditions of 20, 40 and
60 structures were generated by sampling from a Wigner
distribution as implemented in the Newton-X program. The
spectra obtained from this distribution were compared with
static calculations and experimental results.

As reported in Table 2, for both dye molecules, devia-
tions from the corresponding experimental values can be
noticed and all molecules have shown their A, in visible
and near-UV region for absorption. Almost all of the cho-
sen conformations are red-shifted when dynamic effects
are present. Having 40 initial conditions results in some
improvement when compared to 20 initials.

Conformation 2 shows blue shift in its Ay, 5o and A, ¢
values for DTP1, even though 40 different coordinates and
momenta produces a very strong red shift. This indicates
that there is no direct correlation between the number of
the initial conditions present in the Wigner procedure and
the vertical excitation energy.

Fig. 2 Occupied and virtual
NTO’s for the lowest energy

oNTO VNTO

conformers of DTP1 and DTP2

DTP1-1
So> S
Dy, =0.83 B4

DTPI-1
Si>S;
@,,=0.88 ¢

DTP2-1
Se> S
@,,=0.90 d

DTP2-1
Si>S;
@,,=0.93
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Table 2 Wigner distribution results for absorption of DTP1 and
DTP2 conformers, ®B97X-D/6-31+G(d,p)* calculated band maxima

AP and experimental results

c
)‘aerO )‘ab—ﬁll) )‘ab—GO )‘ab )“nh—Expr

DTP1-1
DTP1-2
DTP1-3
DTP1-4
DTP1-5
DTP2-1
DTP2-2
DTP2-3
DTP2-4
DTP2-5

431 (2.87)
406 (3.05)
443 (2.79)
385(3.22)
392 (3.16)
446 (2.77)
452 (2.74)
449 (2.76)
467 (2.65)
466 (2.66)

432 (2.87)
448 (2.76)
445 (2.78)
420 (2.95)
423 (2.93)
483 (2.56)
456 (2.71)
459 (2.70)
470 (2.63)
462 (2.68)

423 (2.93)
408 (3.03)
425 (2.91)
421 (2.94)
427 (2.90)
476 (2.60)
466 (2.66)
463 (2.67)
501 (2.47)
462 (2.68)

414 (2.99) 415 (2.98)
414 (2.99)
415 (2.98)
405 (3.06)
405 (3.06)
458 (2.70)
458 (2.70)
458 (2.70)
457 (2.71)
455 (2.72)

457 (2.71)

# All vertical excitations were calculated on B3LYP/6-31G(d)-opti-
mized geometries with IEFPCM in DCM

b

¢ Static results from Table 1

max Values are given in nm (eV in parentheses)

When it comes to DTP2, one can immediately see that
again most of the values are red-shifted. The lowest energy
conformation DTP2-1 gave absorption values within the
0.2 eV limit. For conformations 2, 3 and 4, increasing num-
ber of the initial conditions extended the absorption toward
the lower energy region, but a very large deviation is seen
for conformation 4 in its A, ¢, value. When compared to
the static TD-DFT calculations, a significant improvement
cannot be observed in terms of A, values in the Wigner
distribution results.

The final dynamic resolved spectra are obtained by con-
voluting the vertical excitations calculated for each snap-
shot. Figure 3 depicts the absorption spectra for the lowest

‘max

energy conformers of DTP1 and DTP2 and nicely illustrate
the convergence of the spectra. Absorption spectra for all
conformers of DTP1 and DTP2 are given in SI.

To better reproduce the experimentally resolved band
shape, 60 vertical transitions obtained from Wigner distri-
bution for each conformer have been Boltzmann-weighted
and subsequently convoluted with Gaussian functions.

Figure 4 shows Boltzmann-weighted Wigner distribu-
tion calculations for absorption spectra of DTP1 and DTP2,
while the obtained absorption maxima are reported in
Table 3. The value of the A maxima compares quite well
with the experimental ones [26] with differences of only
0.04 and 0.07 eV for DTP1 and DTP2, respectively. Also
the general band shape, and in particular the evident shoul-
der in the case of DTP1, is nicely recovered evidencing the
need of considering both conformational sampling and a
proper treatment of vibrational effects.

3.5 Two-photon absorption

TPA is the result of simultaneous absorption of two photons
of identical frequencies, since the total energy absorbed
is doubled, the photons will populate electronic excited
states having higher energy than in the case of one-photon
absorption. Hence, TPA spectra will appear at much longer
wavelengths, lower energy regions than conventional one-
photon absorption.

Two-photon absorption cross sections are shown
in Table 4 and Fig. 5 obtained from a Wigner distribu-
tion of the most stable conformer of the two molecules,
respectively. Static TPA calculation for all the conform-
ers are reported in supplementary information, notice
that the difference in absorption maximum wavelengths

DTP1-1 DTP2-1
07 T T T T T T T 12 T T T T r
20 snapshots 20 snapshots
40 snapshots 40 snapshots
60 snapshots 60 snapshots
06 4 il ]
05 - B
08 4
04 B
. 4 06 - 1
03 .
04 | ]
02 4
02 4
0.1 4
0 L n n . L n 0 .
200 250 300 350 400 450 500 550 600 200 300 400 500 600 700 800

A (nm)

A (nm)

Fig. 3 Wigner distribution calculations for absorption spectra of the lowest energy conformations of DTP1 and DTP2
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Fig. 4 Boltzmann-weighted Wigner distribution calculations for absorption spectra of DTP1 and DTP2 (left panel) and the corresponding

experimental spectra (right panel)

Table 3 Absorption maxima from Boltzmann-weighted for DTP1
and DTP2

DTP1 DTP2
Agp (nM) Expt. Ay (nm) Expt.
418 (2.96) 415 (2.98) 470 (2.63) 457 (2.71)

Table 4 Calculated two-photon absorption cross sections and wave-
lengths via snapshots from Wigner distribution of DTP1 and DTP2
conformers

DTP1 DTP2

It () D (GM) hgas () D (GM)
DTPI-1 820 442.0 DTP2-1 870 742

566 1243.6 624 6977.7

between the conformers never exceed 5 nm. As expected,
both DTP1 and DTP2 absorb in the red to near infrared
region, making them ideal candidates for optical applica-
tions requiring long wavelength excitations, in particular
both DTP1 and DTP2 covers efficiently the therapeutic
window allowing penetration in deep human tissues. As
shown in Fig. 5, the S; — S, absorption happens around
850 nm and gives rise to a broad symmetric band. Cross
sections are of the order of 450 Goppert-Mayer (GM)
for DTP1 while the larger conjugation of the polythio-
phene motifs in DTP2 increases the cross section up to
740 GM. The S, — S, transition is also characterized by
high TPA with maximum absorption at 566 nm for DTP1
and 624 nm for DTP2. Cross sections are extremely
high exceeding 1000 GM for DTP1 and reaching the

impressive value of 7000 GM for DTP2. The band rela-
tive to the second excited state is also more asymmetric
and presents a wide tail extending to the red and infra-
red part of the spectrum. This is particularly significative
for DTP1 since even if its S; — S, absorption maximum
falls outside the therapeutic windows cross section of the
order of 400 GM can still be reached between 600 and
700 nm.

4 Conclusion

‘We report a state-of-the-art computational modeling study
of the linear and nonlinear optical properties of two poly-
thiophene organic dyes, DTP1 and DTP2. By performing a
combination of conformational search and potential energy
sampling through Wigner distribution, we have calculated
the one-photon absorption spectra taking into account
vibrational and conformational flexibility. Furthermore,
we have analyzed the nature of the lowest lying excited
states with a particular emphasis of their charge transfer
nature. The photoinduced charge separation is quite mod-
est as confirmed by the almost unitary value of the over-
lap between ground and excited state density matrices (P;).
This aspect can explain the previously observed moder-
ate performance as DSSC sensitizers exhibited by the two
dyes. On the contrary, remarkably high TPA cross section
has been observed for DTP1 and especially DTP2, with
absorption wavelengths in the red and infrared region of the
spectrum both for Sy — S, and S, — S, transitions. Hence,
both dyes have to be regarded as extremely promising can-
didates for TPA sensitization in material science or biologi-
cal and medical application.
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Fig. 5 Calculated TPA spectra using Wigner distribution for DTP1 and DTP2 chromophores

In the future, we plan to extend the study of the pho-
tophysical properties of both dyes in particular concerning
the exploration of their singlet and triplet manifold both
from a static point of view and via non-adiabatic state hop-
ping dynamics to describe the time evolution of the differ-
ent excited states.
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Conformational Analysis

Table S1. Relative energies (kj/mol) of different conformations of DTP1*

DTP1 B3LYP/6-31G(d) M06-2X/6-31+G(d,p)
DTP1-1 4‘*\( (,:(('(rb ’*Q\(\ AN 0 0
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Table S2. Relative energies (kj/mol) of different conformations of DTP2*

DTP2 B3LYP/6-31G(d)  MO06-2X/6-31+G(d,p)
\ A o
DTP2-1 ’({ 0.0 4.7
DTP2-2 14 0.0
DTP2-3 5.2 6.2
DTP2-4 7.6 5.1
DTP2-5 8.3 3.1
DTP2-6 9.8 7.7
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Table S13. Benchmark Calculations and Experimental Results for Absorption of DTP1 with
different conformations by using ®B97X-D / 6-31+G(d,p) level of theory &®

DTP1 B3LYP/6-31G(d) MO06-2X/6-31+G(d,p) Experimental
DTP-3 415 (2.98) 395(3.13) 415(2.98)
305 (4.07) 297(4.17) 334(3.71)
DTP-1 414 (2.99) 395(3.13)
306 (4.05) 296(4.18)
DTP-2 414 (2.99) 395(3.13)
306 (4.05) 294(3.14)
DTP-5 405(3.06) 389(3.18)
287(4.32) 290(4.27)
DTP-4 405(3.06) 389(3.18)
287(4.32) 290(4.27)

2 hmax Values are given in nm and, in parentheses, in eV

PAll calculations are done by using DCM

Table S14 . Benchmark Calculations and Experimental Results for Absorption of DTP2 with
different conformations by using ®B97X-D / 6-31+G(d,p) level of theory *®

DTP2 B3LYP/6-31G(d) MO06-2X/6-31+G(d,p) Experimental
DTP2-1 457 (2.71) 430 (2.88) 457 (2.71)
291 (4.26) 285 (4.35) 364 (3.40)
DTP2-3 458 (2.70) 427 (2.90)
290 (4.27) 284 (4.37)
DTP2-2 458 (2.70) 428 (2.90)
292 (4.24) 283 (4.38)
DTP2-4 457 (2.71) 429 (2.89)
291 (4.26) 285 (4.35)
DTP2-5 455 (2.72) 427 (2.90)
290 (4.27) 284 (4.37)

2 \max values are given in nm and, in parentheses, in eV

bAll calculations are done by using DCM.
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Fig S1. Results of the Wigner distribution calculations for absorption spectra of DTP1 by using
different conformations. All the vertical transitions have been convoluted with Gaussian functions of
fixed width at half length of 0.2 eV
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ABSTRACT: Herein, we assess the nonlinear absorption properties and the
photophysical profile and behavior of two recently synthesized polythiophene-
based dyes. In particular, using high level state-of-the-art molecular modeling
methodologies, we clearly underline the remarkable two-photon absorption
(TPA) cross-section. Furthermore, the possible pathways leading to the
intersystem crossing and triplet manifold population are investigated by
considering the energy difference between the relevant triplet and singlet states
on the potential energy surfaces as the key critical points. The spin—orbit
coupling is also assessed, and the results globally point to a possible, albeit
probably slow, intersystem crossing that could allow the use of the two dyes as
singlet oxygen photosensitizers, for instance in photodynamic therapy, owing to
their high TPA cross-sections.

B INTRODUCTION

The development and production of optically active materials'

Alternatively, as emerging in recent years, one can resolve
towards nonlinear optical properties and in particular two-

Downloaded via BOGAZICI UNIV on March 7,2019 at 11:40:43 (UTC).
See https://pubs acs.org/sharingguidelines for options on how to legitimately share published articles.

and dyes has experienced an impressive surge in recent years.
Scientific efforts have been driven by the possibility to develop
systems with applications as varied as clean energy
production,”™ molecular machines,”™ as well as biological
and medical devices for imaging”'® or therapy.'' ™" In
particular, it appears evident that the precise modification of
the chemical structure of the optically active units may lead to
an impressive and unprecedented control of their functions. In
this context, the role played by molecular modeling and
simulation cannot be underestimated.'® Indeed, the possibility
to clearly assess and rationalize all the complex mechanisms—
involving nonadiabatic transitions'”'® between different
electronic states, driving the photochemical and photophysical
properties—at an electronic level allows us to propose a clear
rational design of novel and more efficient materials and
systems.'” >

In this context, one of the most sought properties of
optically active materials is an absorption spectrum, sufficiently
low in energy, that allows activation with red or infrared light
sources. Indeed, such a characteristic property would allow
achieving a much deeper penetration of the activating source
and hence, should be considered most beneficial. One option
to obtain a global red-shift of the absorption spectrum is to
increase the conjugation pattern of the chromophore.
However, this strategy could, in certain cases, lead to a strong
modification of other photophysical and photochemical
properties.

5 ACS Publications  © 2018 American Chemical Society

photon absorption (TPA).”*** Indeed, in TPA, first
theoretically formalized by Goppert-Meyer in the 1930s, the
chromophore simultaneously absorbs two photons to be
promoted to a certain excited state. Hence, if one supposes a
monochromatic light source, the energy of the photons needed
to provide the vertical electronic excitation will be divided by
two compared to one-photon absorption (OPA) phenomena,
and consequently, the absorption wavelength will be doubled.
However, one has to take into account that TPA selection rules
will be different from the ones ruling OPA, hence, specific
design  strategies should be used to obtain efficient TPA
chromophores. More specifically, following the common
theoretical framework of the intermediate state, one recognizes
that the centrosymmetric molecules, as well as the charge-
transfer electronic states, usually increase TPA cross-section
over OPA absorption. On the other hand, a secondary
advantage of TPA over OPA is due to the former being a
nonlinear process and requiring the simultaneous absorption of
two photons, therefore, its probability is proportional to the
square of the light source intensity. Consequently, TPA
efficiency diminishes much faster than the corresponding OPA
and, hence, will occur only in the focal region of the laser,
allowing a much better spatial resolution and control of the
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optically active material. In fact, the combination of a red-
shifted absorption and the extremely high spatial resolution
make TPA particularly attractive for medical applications, both
for therapeutic purposes, or for imaging;”° lately the
development of drugs allowing to simultaneously perform
diagnosis and treatment (theranostics)’ have also emerged
based on TPA chromophores.

In the past few decades, the exploitation of light for
therapeutic objectives has attracted renowned interest, pushed
by the possibility of an efficient and selective treatment limiting
the unwanted side effects of more conventional ap-
proaches.">”” In this domain, in particular, the photo-
sensitization of biological macromolecular structures, such as
nucleic acids,>**%%’ membranes,*”*' and proteins,’u is
performed to induce the death of undesired cellular lines,
such as cancer cells or bacteria. Light-assisted therapy exploits
the photophysical or photochemical processes triggered by the
initial photoexcitation of a specific drug interacting with a
specific cellular compartment. In particular, it usually requires
the population of the drug’s triplet manifold, followed by either
direct photosensitization via electron or energy transfer to the
biological structures, or the energy transfer to molecular
oxygen to produce the highly reactive singlet oxygen ('O,) that
will subsequently induce oxidative lesions leading to cellular
death.””** Even though, the former represents the most
common processes in light-assisted therapy, other mechanisms
involving different photochemical channels, such as photo-
induced hydrogen abstraction® or photoionization®* are
possible and have been reported. The activation of 'O,,
however, is by far the most commonly exploited phenomenon
and gives rise to the so-called photodynamic therapy (PDT)*
approach that has found successful applications in antibacte-
rial,”” antiviral,***” and anticancer applications."*** Obviously,
selectivity in light-induced therapy and PDT is assured by the
fact that the drug should be nontoxic in the dark and, hence, a
general systemic effect should be avoided by the selective
application of the light stimulus. An efficient PDT agent should
possess a certain number of properties, such as an absorption
in the therapeutic window (650—1350 nm) to allow
penetration in the deep body tissues and, hence, the treatment
of nonsuperficial lesions. In addition, it should also be
characterized by an efficient intersystem crossing (ISC),
without the presence of competitive deactivation channels,
hence, leading to the population of the triplet state manifold
necessary to achieve oxygen activation. Obviously, the general
bioavailability profile and the interaction with the biological
systems should also be taken into account.

From the previous consideration, it is clear that TPA-based
drugs for PDT are particularly attractive to obtain a significant
red-shifted absorption profile, however, the design of TPA
active compounds should not alter the photophysical proper-
ties leading to efficient intersystem crossing.
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In the present contribution, we present the detailed
photophysical analysis of two recently synthesized chromo-
phores, based on the 2,S-dithienylpyrrole motif (DTP1 and
DTP2),*** that could show relevant TPA absorption and
could lead to efficient singlet oxygen activation. The two
chromophores have been synthesized for applications in solar
cell energy production and are constituted by a polythiophene
core. Their donor—z—acceptor (D—z—A) global structure
(Figure 1) also allows the presence of charge-transfer
electronic excited states.

In addition to simulating the OPA and TPA spectra, taking
into account vibrational and dynamical effects, we also evaluate
the intersystem crossing efficiency. We show that although
DTP1 and DTP2 show an efficient TPA cross-section in the
infrared portion of the spectrum, their intersystem crossing
efficiency should be comparable to one of the commonly used
PDT photosensitizers, such as porphycenes.

H METHODS AND COMPUTATIONAL DETAILS

To properly assess all the relevant photophysical properties,
and appropriately take into account the conformational
flexibility, conformational analysis has been applied to
characterize all the critical points. In particular, to model the
photophysical features of the two polythiophene-based dyes,
we considered the relative positions of the different singlet and
triplet excited states and we optimized the geometries of the S,
Sy, and T| states. Density functional theory (DFT) was used to
optimize the ground state of each spin multiplicity, whereas the
Tamm—Dancoff approximation (TDA) was employed for the
excited state calculations. This choice is due to the fact that the
TDA method provides a more balanced description of both
triplet and singlet excited states, and compared to time-
dependent DFT (TD-DFT) it is free from triplet instability
problems.*' Geometry optimization was performed using the
hybrid B3LYP** exchange correlation functional and the 6-
31G(d) basis set, the energy and the nature of the excited
states were also estimated at the CAM-B3LYP**/6-31+G(d,p)
level of theory to take into account the error arising from the
presence of charge-transfer states. Solvent, i.e., water, has been
implicitly taken into account as a polarizable continuum
(PCM) method in all calculations.****

To sample the potential energy surface in the vicinity of the
critical points, and to include dynamic and vibrational effects,
20 snapshots have been obtained from Wigner distribution™
calculated from the harmonic vibrational frequencies (Hes-
sians) of the corresponding minimum, using the Newton-X
code.”” Notably, the snapshots have been used to calculate an
ensemble of vertical transitions, necessary to obtain the
absorption, fluorescence, and phosphorescence final spec-
tra.**** 7% In particular, Gaussian functions of 0.2 eV full
width at half maximum have been used to convolute the
vertical transitions. The one-photon absorption (OPA)
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Figure 3. One- and two-photon absorption spectra (OPA in black and TPA in blue, respectively) of DTP1 and DTP2, simulated in water (a).
Natural transition orbitals showing Sy — S, and S, — S, transitions for both dyes (b).

spectrum has been modeled by convolution of the vertical
transitions from the ground state (S,) to the singlet excited
state manifold. The fluorescence spectra, i.e., radiative emission
from the S, state, are computed as convolution of vertical
transitions from the S; minimum geometry to S,. To take into
account solvent geometrical reorganization in the fluorescence
equilibrium spectrum, state-specific PCM*" is used. Phosphor-
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escence, originated between the states of different spin
multiplicity (i.e, emission from T; to Sp), is analyzed as an
alternative photophysical phenomenon. All quantum chemistry
calculations were carried out with the Gaussian 09 (revision
E.01) software package,”> phosphorescence intensities (oscil-
lator strengths) were calculated using the Dalton2016
code.”>** The excited state nature was characterized in terms
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of natural transition orbitals (NTOs)*>*® to analyze the
electronic density reorganization, NTOs were obtained using
the Nancy EX code.”®>’

Two-photon absorption (TPA) cross-sections are computed
at the TD-DFT level (CAM-B3LYP/6-31G(d)) using a linear
response methodology as implemented by Rizzo and co-
workers™® by using the DALTON2016 code®*** and the cross-
section values are represented in Goppert-Mayer (GM) units
(107%° cm*/photon).

Finally, to properly quantify the intersystem crossing
mechanism, the relative positions of triplet and singlet states
along a generalized coordinate connecting S, and T, minima
are calculated at the B3LYP/6-31G(d) level. In addition, spin—
orbit couplings (SOCs) have been calculated at the relevant
critical points, on the snapshots obtained from the Wigner
distribution, and along the interpolation coordinate. SOC
calculations have been performed with the Amsterdam density
functional®”* code at the CAM-B3LYP/DZP level of theory.
Please note that the choice of using different code packages for
different calculations is due to the fact that some of the rather
specific properties (such as SOC at the TD-DFT level or TPA
cross-sections) are optimized, or even only available in some
particular codes. Furthermore, while computational results are
obviously noncode dependent, the effect of changing the basis
set from Gaussian to Slater functions has only a very limited
effect on the excitation energies.

B RESULTS AND DISCUSSION

Conformational Analysis of the Ground State (S,)
and Lowest Optically Bright State (S;). The ground state
conformational analysis of both DTP1 and DTP2 compounds
were previously performed by some of the authors at the
B3LYP/6-31G(d) level of theory, including dichloromethane
as the solvent via PCM.” A representative selection of the
lowest energy conformers (free energy range within ca. 10 kJ/
mol, resulting in S DTP1 and S DTP2 structures) was
analyzed. The chosen S, optimized structures can differ in the
relative positions of their cyano and carboxylate groups,
possibly leading to some electronic repulsion, as well as in the
orientation of their thiophene rings and hexyl groups. Indeed,
the alignment of the hexyl group is found as the factor marking
the main differences between DTP1 and DTP2 conformers,
since the former has almost a constant alignment, whereas the
latter assumes various positions, pointing finally toward the
relevance of entropic disorder, allowing solvent accessibility,
and hence, favoring solvent stabilization.

In this study, to properly assess the photophysical properties
of the molecules, the complete set of Sy conformers was further
optimized on the optically bright lowest singlet excited state
(S;) at the B3LYP/6-31G(d) level, finding only a slight
difference in their relative free energies (max. 5.37 kJ/mol, see
Figure 2). However, since once again the main difference
observed is related to the alkyl chain orientation and, hence,
will have no effect on the optical photophysical properties, only
the lowest DTP1 and DTP2 Sy and S; (DTP1-1 and DTP2-1)
energy conformers were considered for the following analysis
including the vibrational effects (through the Wigner
distribution). For comparison purposes, the optical properties
obtained as vertical transitions from the different S, and S,
optimized conformations were also taken into account.

One- and Two-Photon Absorption Spectra. Linear
(OPA) and nonlinear (TPA) absorption spectra for both
DTP1 and DTP2 are shown in Figure 3a. As for OPA, the

absorption to the lowest excited singlet state (S, — S,)
corresponds to the peak with the highest intensity for both
compounds (maxima at 415 and 460 nm for DTP1 and DTP2,
respectively). These values are in remarkable agreement with
the experimentally reported values in dichloromethane (415
and 457 nm for DTP1 and DTP2, respectively).””®" Even
though our simulated spectra are performed in water, solvent
effects are known to be only moderate for both dyes,™*’
validating our approach. At higher energies, OPA to higher
lying singlet excited states do appear (around 300 nm, assigned
mostly to S, — S,), suggesting that the S, state could be in
principle selectively irradiated, a desired feature to activate a
certain photophysical pathway on an exclusive base. Indeed, as
reported in the Supporting Information, almost no effect on
the ground state equilibrium geometry is found when changing
the solvent. Furthermore, the comparison of the OPA
absorption spectrum in water and dichloromethane shows
that the main optical properties are conserved despite a slight
red-shift of about 25 nm induced by the more polar water
solvent.

Concerning TPA, as expected, the energy window reaches
the red and near infrared regions of the spectrum. TPA cross-
sections are remarkably high, especially for the S, — S,
transition (between S00 and 700 nm): more than 1300 and
8000 GM for DTP1 and DTP2, respectively. Hence, especially
DTP2 offers a TPA intensity among the highest found in the
literature for neutral compounds.” Notably high are also the
Sy = S; TPA cross-sections observed in the 700—1000 nm
spectral window: more than 400 and almost 1000 GM for
DTP1 and DTP2, respectively. The high TPA cross-section
values calculated for both compounds can be easily related to
the presence of conjugated thiophene rings, as already found in
boron containing arenes previously studied by some of the
authors.** Notably, in this case, TPA cross-sections of the
order of 1000 GM were found for S, — S, transitions, when
three thiophene rings were linearly linked. Similarly, in this
case, three five-membered rings are indeed linearly linked,
hence enhancing the effect when a thiophene ring is covalently
linked to the 7-bridge, i.e., for DTP2.

Regarding the molecular orbital descriptions, NTOs are
shown in Figure 3b for both DTP1 and DTP2. First, we should
note that the p-(hexyl)phenyl group is not involved in the
description of the electronic transitions. This is due to the fact
that the phenyl group is almost orthogonal to the rest of the
chromophore, thus not participating to the z-conjugated
backbone.

Hence, the NTOs are located in the rest of the molecule.
Particularly, the different organic groups can act as a donor
(D) or an acceptor (A) depending on the vertical excitation:
the S, — S; NTOs depict noncentrosymmetric dipolar
chromophores A—7—D, with a clear charge transfer allowed
from the thiophene ending toward the cyano group, across a 7-
bridge. Indeed, it is known that the excited charge-transfer
states are required for relevant TPA cross-sections.”’ Never-
theless, two additional requirements need to be fulfilled to
maximize TPA properties: (i) the chromophore should be
centrosymmetric, thus favoring the presence of (ii) an
intermediate state between the ground and the final excited
state. This intermediate state should possibly lie as near in
energy as possible to the nonstationary virtual state generated
by the superposition of ground and final excited states, hence
corresponding to half TPA energy (resonance conditions).'®
These supplementary conditions are actually satisfied by the
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conformations for both S, and S; minima.

same dyes when looking at the S, = S, NTOs: first, the S,
state can be considered as an intermediate state almost in
resonance conditions with the virtual state. Moreover, the dyes
behave as almost centrosymmetric A—7—D—7—A systems: in
DTP1 both thiophene terminal rings act as acceptors, whereas
the central 7-conjugated backbone is the donor; on the other
hand, in DTP2 the thiophenes and the cyano moieties act as
acceptors, with the central phenyl ring being the donor. The
higher Sy, — S, TPA cross-section found for DTP2 could be
indeed inferred to the higher centrosymmetry and more
extended conjugation, compared to DTP1.

This can also explain the inversion in the peak intensity
between OPA and TPA spectra: the S, — S; (Sy — S,)
transition is much brighter than the S, — S, (S, — S;) for
OPA (TPA), almost conserving the intensity ratio.

Just after absorption to S; or S,, two main photophysical
pathways could follow: relaxation on the S, state (eventually
following a rapid S, — S, internal conversion) or intersystem
crossing (ISC) to the triplet manifold. The latter option was
evaluated by calculating the SOC among the excited singlet
and triplet states found in the 4 eV energy window, for 20
geometries calculated by Wigner distribution around the
Franck—Condon geometry (Figure SS). The ISC efficiency is
mainly governed by two factors, (i) the singlet—triplet energy
difference and (ii) the SOC: the lower the singlet—triplet

energy difference and the higher the SOC, the higher the final
ISC efficiency.

Looking at the energies (Figure SS5a,d) for both compounds,
the S, state is almost always closer to T,, whereas S, lies in
between T, and Ts. Hence, S; — T, (Figure SSb,e) and S, —
T, (Figure SSc,f) SOCs were calculated in all cases, resulting
in values lower than S cm™. We should therefore conclude
that relaxation on the S, state is definitely preferred to ISC, at
least in the vicinity of the Franck—Condon region.

Emission Spectra. Coherently, with the presence of two
relaxation pathways, two emissive channels should in principle
be considered as possible: fluorescence from the S; minimum
or phosphorescence from the T, minimum. The calculated
emission spectra are shown in Figure 4, depicting a similar
behavior for both dyes. Note that geometry relaxation on both
the excited singlet and triplet surface does not involve any
important conformational change. As expected, fluorescence is
more intense (almost a factor of 10) than phosphorescence,
since the latter is formally spin forbidden. Looking at the
shape, fluorescence appears much narrower than phosphor-
escence. As both spectra result from vertical transition of a
Wigner distribution sampled around their respective minima
(S, or T)), this is an indirect evaluation of their potential
energy surface: the T, minimum region is much smoother,
giving rise to a flat region that corresponds to a wider
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phosphorescence spectrum, ranging from 900 nm to almost
3000 nm. On the other hand, the S, minimum region is much
steeper, resulting in a narrow fluorescence peak centered above
500 nm for both dyes (575 and $84 nm for DTP1 and DTP2,
respectively). As a consequence, the Stokes shift observed for
DTP1 (ca. 100 nm) is almost SO nm larger than that for DTP2,
due to DTP2 S, — S, red-shifted absorption.

Looking at the SOC values around the S; minimum (Figure
S6), we should conclude that the ISC efficiency is almost
nonmodified compared to the Franck—Condon region. Indeed,
the same triplet states are in principle energetically available
(especially T, from S,), but the SOC values are still rather low,
even though nonnegligible for some structures. This scenario
suggests that fluorescence should be observed in competition
with singlet-to-triplet population, the latter being energetically
feasible, but expected to occur on a slower time scale.

Conformational Effect on Absorption and Emission
Properties. As previously explained, several almost iso-
energetic conformers were found on both S, and S, mainly
due to the structural flexibility offered by the dyes (see Figure
2). In Figure S, we show the absorption (OPA) and emission
(fluorescence) spectra calculated as a convolution of vertical
transitions from five selected conformers, without taking into
account vibrational effects (i.e, a multiconformational static
approach). When compared to the spectra obtained with only
the lowest energy conformer, but including vibrational effects
by the Wigner distribution (i.e., a single-conformation dynamic
approach; see Figures 3 and ), the same structured band
shape is observed for OPA, as well as the same energy window
for fluorescence. Differences are observed in terms of energies
corresponding to the maxima, being both (OPA and
fluorescence) red-shifted by 40—50 nm. Hence, the Stokes’
shifts are almost conserved confirming that, qualitatively, the
photophysics and photoreactivity can be reasonably repro-
duced by both strategies. Nevertheless, when looking at the
absorption experimental values (415 and 457 nm for DTP1
and DTP2, respectively, in dichloromethane®"), we should
conclude that the inclusion of vibrational effects on a single
conformer results in a more realistic strategy than considering
statically several energy minima conformers. The balance of
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two different factors could explain this result: at first, both S,*
and S, conformational analysis revealed that, despite structural
flexibility, all conformers maintain nearly the same optical
properties. Indeed, for the sake of clarity, a full conformational
analysis, including the energies of the excited singlet and triplet
states of all DTP1 and DTP2 conformers optimized on S, is
shown in the Supporting Information (Figures S1 and S2).
Hence, several shallow minima are found on both S, and S,
potential energy surfaces, explaining especially the energy-
wider absorption spectrum obtained by the multiconforma-
tional static approach, possibly better reproducing the
experimental band shape. On the other hand, since
quantitatively the minimum energy conformer alone represents
the photophysics of the system quite well, the simulated
absorption maximum values match the experiment better when
including vibrational effects on this geometry. Indeed, some of
the authors already found that the single-conformation
dynamic approach applied by the Wigner distribution can
reproduce almost quantitatively the optical properties of
organic chromophores of different structural complexities,** %
including thiophene moieties.”> The reason for this should be
found in the low-frequency, high-amplitude out-of-plane
normal modes reproduced by this strategy, that differentially
break the conjugation patterns of the ground and excited
states.

Intersystem Crossing Pathways. As explained in the
previous sections, both DTP1 and DTP2 can be efficiently
promoted to S; and S, by OPA and TPA, followed by the
relaxation of the excited state. In particular, both S, and S,
states relax into a minimum on their respective potential
energy surface, corresponding to a highly similar structure (& =
0 in Figure 6), where they are expected to be trapped for a
significant amount of time. To rationalize the channels leading
to triplet population, a simplified pathway connecting the S,
minimum and the T, minimum was generated by a linear
interpolation coordinate &. Moreover, SOC values were
calculated along the pathway (see Figure S3 in the Supporting
Information), pointing toward the following ISC mechanisms:
apart from fluorescence, from the S, minimum the only
available ISC mechanism is a direct S; — T, event. The energy
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difference (0.5 €V) and the moderate SOC (below 0.2 cm™)
suggest this as possible, but probably slow channel. Note that,
although T, and S, lay quite close in energy, the singlet state’s
energy is lower. Hence, even if vibrationally allowed crossing of
the two states could in principle be possible, this channel may
be considered as energetically less probable. Nevertheless,
additional ISC mechanisms could involve indirect pathways
through S,: this state almost constantly energetically
degenerate with T, coupled to a nonzero SOC (ca. 0.2
cmfl). Hence, a cascade S, = T3 = T, — T, mechanism can
be suggested. In particular, from S,, ISC should be preferred to
S, — S, internal conversion, the S,—S, energy difference being
ca. 1.3—1.5 eV along the interpolation coordinate. In any case,
both direct S, — T, and indirect S, — T; —» T, = T,
mechanisms are coherent with the possible population of the
triplet manifold. Both DTP1 and DTP2 compounds show
similar energetics and pathways, leading to similar conclusions.

Once the compounds are in the T, minimum region,
phosphorescence could follow, bringing the system back to the
singlet ground state. Nevertheless, in the presence of molecular
oxygen (0,), an energy transfer process can be promoted,
finally producing singlet oxygen ('0,).

Since phosphorescence is a kinetically unfavored process
(due to its spin forbidden nature) its expected slow time scale
should in principle favor 'O, generation. Indeed, since the >0,
— 10, band gap (from 3zg to lAg) was measured to be ca.
1275 nm (0.97 eV) by infrared emission®™"> we can finally
conclude that a suitable energy transfer process can be
forecasted from the triplet manifold of DTP1 and DTP2 to
molecular oxygen (Figure 7).

Intersystem
S; crossing
\
s ——— T
\ —_ T,
- S T, )
s ] 4 z
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§ § s s transfer
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Figure 7. Energy scheme depicting the overall photoreactivity: for
both compounds (DTP1 and DTP2), absorption is possible to S; and
S, states, by both OPA and TPA, followed by intersystem crossing to
the triplet manifold (in competition with fluorescence). Once the T,
state is reached, two phenomena can be observed: phosphorescence
or, in the presence of molecular oxygen, energy transfer to produce
singlet oxygen.

B CONCLUSIONS

We have studied the photophysics and photochemistry of two
recently synthesized polythiophene-based dyes (DTP1 and
DTP2), by means of high level state-of-the-art molecular
modeling methodologies. More specifically, their ability as two-
photon absorbers was highlighted by the calculation of
remarkably high cross-sections for such neutral organic-based
molecules, corresponding to the S, — S, vertical excitation
(over 8000 GM). It is noteworthy to mention that, compared
to the known TPA absorbers used in materials science,”*
DTP1 and DTP2 show considerably high TPA cross-sections
also for the Sy — S, excitation (around 1000 GM for DTP2).
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This desired and peculiar property is in apparent contrast with
the usual TPA selection rules, by which a chromophore is
usually considered as a centrosymmetric or noncentrosym-
metric system. Indeed, the chromophore’s symmetry will give
raise to different selection rules. In the case of centrosymmetric
chromophores high TPA cross-sections should be observed
only when the intermediate states (e.g, S;) act as a resonant
state for the final absorption state (e.g, S,). As a consequence,
only higher excited states should have nonnegligible
absorption. On the other hand, in noncentrosymmetric
chromthores the S, — S, TPA excitation can be relatively
intense.'©

In the case of DTP1 and DTP2, high cross-sections are
observed for transitions to both excited states. This can be
related to the fact that some organic moieties can act as a
donor or acceptor group, depending on the specific electronic
state (see Figure 3). Indeed, both chromophores act as
noncentrosymmetric A—7z—D molecules for S, — S,
excitation, and as centrosymmetric A—7—D—7—A for S, —
S, excitation. This peculiar feature notably increases their
possible application as PDT agents, since they can be
efficiently excited to the singlet manifold by red (S,) and/or
near infrared light (S;). Most notably both S; and S, potential
energy surfaces evolve toward a minimum, from which
intersystem crossing is possible—even though not as an
ultrafast event—hence, leading to triplet (T,;) population.
From T}, energy transfer to molecular oxygen would be easily
allowed (as found by the calculation of the T, energetics),
finally producing singlet oxygen, as envisaged for PDT. Hence,
the use of DTP1 and DTP2 in PDT applications could be
strongly suggested. However, such applications would also
require studies concerning both the dye bioavailability and its
toxicity in the dark, that obviously go beyond the scope of the
present contribution.

Methodologically, we compared two different strategies to
calculate absorption and emission properties: a multiconforma-
tional static approach (ie., taking into account different
conformers at their minimum energy structure) and a single-
conformation dynamic approach (i.e., taking into account only
the lowest energy conformer, but including vibrational effects
by the Wigner distribution). The results point toward the
importance of including dynamic effects to predict the
absorption maximum wavelength, even though the inclusion
of different conformers allows an improved description of the
overall spectrum shape. In the future, we plan to design
modifications to the proposed molecules, to maintain their
exceptional TPA properties and, at the same time, increase the
intersystem crossing efficiency.
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Figure S1. Comparison of the excited state energies of the selected conformers of DTP1 at
B3LYP/6-31G(d) level of theory in water. The relevant S1 minima geometries are shown as well.
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Figure S2. Comparison of the excited state energies of the selected conformers of DTP2 at
B3LYP/6-31G(d) level of theory in water. The relevant S1 minima geometries are shown as well.
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Figure S4. OPA absorption spectra calculated in water and DCM for DTP1 (left) and DTP2
(right), respectively.

Table S1. DTP1 and DTP2 absorption maxima obtained from the Wigner distribution

calculations, compared to experimentally available values.

Amax for DTP1 Amax for DTP2
DCM Water  Exp. DCM Water Exp.
DTP1-1 438(2.83) 459(2.70) 415(2.98) DTP2-1 469 (2.64) 492(2.52) 457 (2.71)
349 (3.55) 318(3.89) 334 (3.71) 323(3.83) 329(3.76) 364 (3.40)

2 All vertical excitations were calculated on B3LYP/6-31G(d) optimized geometries.
b Amax Values are given in nm (eV in parentheses)
¢ Experimental data are obtained with DCM as solvent.
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Figure S5. DTP1 (left) and DTP2 (right) energies of the lowest two excited-singlet and five
triplet states, for each of the twenty structures sampled by the Wigner distribution around the
ground state (So) minimum (a). The spin-orbit coupling (SOC) values are also shown for triplets

close in energy to S; (b, e) and to S; (c, f).

S5

Figure A.2. Article 2. (cont.)

90



91

e .
a) - " d .
P Ny % \ A B R
M a J-a . Y
33 - g8 4 LA = -
if" v - | g 4 v | - = IC\‘/.“ Yy /"‘ »
Y s S : . ¥
) . 3 { 3t o« — .. /] . .
- v N\ A . .
\ - { N /\ o - “ /A AR -
o f%\‘yﬁ A VN . | Bl N oa s BN A AT
- o . PN R = < . St g PR A R =
$ - P A ! e R ¢« \
4 o - « - 270N » A A
¥ - . - - . - ,
154 & 13 ~ ¥ . w
i
i E i
. .
03 ]2 03|72 ~4
s s
™. o
°0 s w0 " o ° s " " »
Snapshot Snapshot
b) ) 517 e e) ¢ FIEp
s as
3 )
-~ e
e g
8! -
" . 1
\ .
1 il '
- / [\
oS o . - f - o A | 03 A . - - -
l\ \ ‘ / ’ﬁ \/ \ - - Gl P . - -
. v N — L - . . . - hd . v . L
o s » \L] » ° L " o
Snapshot Snapshot
s 6
T4 —-—
R
P w2 .
c) )
G W ¢ ”
‘ 1
1
a
~ot ! 1 ' -
e iy <
§. s v 5 £l X
1 *
@ 3 Y i ) (R § Y ' .
Jo \ ¥ \ \ 2 2 A
/] \ v | LI / R
g (/ \ | 4
' B | VR ‘ . »
A WA X \ K> N/ WA N \&
4 i 5| )\ v ® v . -ty
. i L 0 b e i 3 -
0 5 0 % » . 3 bl " L
Snapshot Saapshot

Figure S6. DTP1 (left) and DTP2 (right) energies of the lowest two excited-singlet and five
triplet states, for each of the twenty structures sampled by the Wigner distribution around the
excited state (S1) minimum (a). The spin-orbit coupling (SOC) values are also shown for triplets

close in energy to S1 (b, e)and to S; (c, f).
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