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ABSTRACT

Light-driven processes involving excited triplet states can be leveraged in numerous
fields of science and technology to achieve for example more sustainable
manufacturing and chemical syntheses, more efficient solar energy harvesting, safer
and more potent therapies for diseases, more sensitive imaging and sensors, or more
stable qubits for quantum information sciences. Knowledge of the origin and fate of
triplet states is therefore fundamental in realizing these outcomes. This involves
understanding triplet energy transfer (TET), an integral step in many of these
processes.

In this thesis we explore TET, especially in the context of triplet fusion photon
upconversion and photoswitching. Photon upconversion by triplet fusion is based
on pooling the energy of photoexcitation in metastable triplet states that can fuse to
generate singlet excited states with higher energy. Therefore, TET is an integral part
of triplet fusion upconversion. Photoswitching or photoisomerization means control
of the geometric structure and thus properties of molecules with light. In some
photoswitches, such as azobenzenes that are used in this thesis, isomerization can
be achieved by accessing their triplet states via TET.

After introducing the definition, generation and general properties of excited
triplet states and the mechanism of TET, we focus on its role in triplet fusion
upconversion and photoswitching systems. This involves investigating the properties
of the engaged molecules, photosensitizers and acceptors, and how they affect the
performance of these systems, allowing formulation of clear guidelines for designing
them. Particularly, we consider the interplay of these properties and its effect on the
thermodynamics of TET. Commonly efficient TET is ensured by employing
photosensitizer-acceptor pairs with a large exothermic triplet energy gap. Here we
investigate systems with small or even endothermic energy gap, how to make them
efficient and uncover the possibilities they offer. This thesis deepens the
understanding of TET and offers insight into controlling it in photon upconversion
and photoswitching, which paves way for their implementation into practical
applications.
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TIVISTELMA

Virittyneitd triplettitiloja hyodyntivid valokayttoisid prosesseja voidaan kayttad
lukuisilla ~ tieteen  ja  teknologian  aloilla  esimerkiksi  kestivimpien
valmistusmenetelmien ja synteesien, tehokkaamman aurinkoenergian tuotannon,
turvallisempien ja tehokkaampien hoitomuotojen, herkempien anturien ja
kuvantamisen sekd vakaampien kvanttibittien aikaansaamiseksi. Triplettitilojen
alkuperien ja kohtaloiden kisittiminen on siten perustavanlaatuista tietoa niiden
saavutusten toteuttamiseksi. TAma vaatii tietimysti triplettienergian siirrosta, joka on
olennainen osa monia niitd prosesseja.

Tdssd  vaitOskirjassa  tarkastellaan  triplettienergian  siirtoa  erityisesti
triplettifuusioon perustuvan valon yloskonversion ja valokytkemisen yhteydessa.
Valon yléskonversio triplettifuusiolla perustuu valon energian kerddmiseen
metastabiileihin triplettitiloihin, jotka voivat fuusioitua muodostaen korkeamman
energian virittyneitd singlettitiloja. Triplettienergian siirto on siis erottamaton osa
triplettifuusioon perustuvaa yléskonversiota. Valokytkeminen tai valoisomerointi
tarkoittaa molekyylien rakenteen ja siten niiden ominaisuuksien ohjaamista valolla.
Joidenkin valokytkinten, kuten tissd viitoskirjassa kaytettyjen atsobentseenien,
isomerointi voidaan suorittaa triplettienergian siirron avulla.

Virittyneiden  triplettitilojen  maédritelmdn, muodostamisen ja  yleisten
ominaisuuksien sekd triplettienergian siirron mekanismin esittelyn jilkeen
viitoskirjassa keskitytidn triplettienergian = siirtoon valon yloskonversio- ja
valokytkentijirjestelmissd. Tama kisittdd osallistuvien molekyylien, valoherkistdjien
ja akseptorien, ominaisuuksien tutkimista ja miten ne vaikuttavat ndiden jirjestelmien
suorituskykyyn, mikd mahdollistaa selkeiden suunnitteluohjeiden muodostelun.
Erityisesti huomioidaan nididen ominaisuuksien vuorovaikutukset ja sen seuraukset
triplettienergian siirron termodynamiikkaan ja kinetiikkaan. Yleisesti tehokas
triplettienergian siirto varmistetaan kayttimalld valoherkistimii ja akseptoreja, joiden
vililldi on suuri eksoterminen energiavali. Tédssd viitoskirjassa tutkitaan jdrjestelmid,
joiden energiavili on pieni tai jopa endoterminen, miten tillaisesta jirjestelmaistd
tehdddn tehokas ja avataan niiden mahdollistamia uusia nidkymid. Viitoskirja
syventii tietoa triplettienergian siirrosta ja sen hallinnasta valon yléskonversiossa ja

valokytkemisessid, miki viitoittaa niiden kidyttoonottoa kiytinnon sovelluksissa.
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ABBREVIATIONS AND SYMBOLS

A Acceptor

Azo Azobenzene

CT Charge transfer
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FRET Forster resonance energy transfer
HO Highest occupied molecular orbital
hT Hole transfer

ISC Intersystem crossing

LU Lowest unoccupied molecular orbital
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RTET Reverse triplet energy transfer

TET Triplet energy transfer
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TFUC Triplet fusion photon upconversion
SOC Spin-orbit coupling

AE; Photosensitizer-acceptor triplet energy gap
AEg_r Singlet-triplet energy gap

AS Entropy change
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) Efficiency or quantum yield

H Hamiltonian

P Excitation power density

I Excitation power density threshold
] Coulomb integral
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17 INTRODUCTION

Light is the energy source for life on Earth and the importance of its efficient
harvesting and transforming is only increasing.!~ Even further, light is becoming
more and more potent and common carrier of information and stimulus, which
offers untold possibilities for fields of science and technology ranging from
biomedicine and quantum technology to soft robotics and additive manufacturing.
5-16

Many of these fields rely on light-driven processes that either depend on or suffer
from the involvement of triplet states. Thus, understanding the generation and fate
of triplet states is essential for leveraging such processes. An excited triplet state may
decay radiatively via thermally activated delayed fluorescence or phosphorescence,
which can be utilized for example in light-emitting diodes, sensors or bioimaging.!7-
23 ]t may react with molecular oxygen and generate reactive oxygen species that can
be useful in cancer therapy and inactivating microbial pathogens or as reaction
intermediates in synthesis, or contribute to the deterioration of the system.2+26 More
importantly, at least in the context of this thesis, the energy of the triplet excited state
may be transferred to a triplet state of another molecule. Triplet energy transfer or
photosensitization enables access to the triplet states of molecules that have a low
triplet yield upon photoexcitation. This indirect excitation can be harnessed for
example in photorelease of therapeutic molecules?’28 or photocatalysis of organic
syntheses?-33 or photon upconversion and photoswitching.

Triplet fusion (or triplet-triplet annihilation) photon upconversion (TFUC)
systems can generate high-energy excited states from low-energy, low-intensity and
incoherent excitation.*3¢ TFUC systems have attracted considerable attention in
the last 20 years due to their potential for improving solar energy harvesting by
spectral conversion.’™# In addition to solar energy, TFUC has been implemented
to a wide array of applications such as phototriggered drug release and targeting,
bioimaging, optogenetics, sensing, 3D printing and photocatalysis.>0-68

The other triplet energy transfer driven process we examine in this thesis is
sensitized photoswitching or photoisomerization. Photoswitches, like the
azobenzenes studied here, are used in solar energy conversion and as key tools for

achieving non-invasive spatiotemporal control in photoactuation, photocatalysis,



magnetic resonance imaging, super-resolution microscopy, phototriggered drug
release and photopharmacology.®®*-7 Orthogonal or indirect excitation pathways,
such as triplet energy transfer, offer photoswitching systems new or improved
properties like more quantitative photoisomerization and extended excitation
wavelengths.

Efficient red or even near infrared excitable photon upconversion and
photoswitching systems are required for the aforementioned applications, especially
for those pertaining to biology. As we will learn throughout this thesis, grasp of
triplet energy transfer will enable taking these systems to their limits and realizing
their full potential.

1.1 Aim and scope of this work

This thesis is about triplet energy transfer in the context of photon upconversion
and photoswitching. After establishing the mechanism of triplet energy transfer
(TET), the thesis focuses on how the photosensitizer and acceptor properties affect
the energy transfer step and overall efficiency of triplet fusion photon upconversion
(TFUC) and sensitized photoswitching. As such, the objectives of this thesis are to
provide the reader with a theoretical context of TET, TFUC and sensitized
photoswitching, and establish clear guidelines on how the photophysical properties
of the photosensitizer/acceptor pairs and their operating conditions affect the
thermodynamics, kinetics and overall performance of TFUC and sensitized
photoswitching systems. We will also explore how these properties and conditions
can be leveraged to approach the thermodynamic limits of TFUC and sensitized
photoswitching systems and what possible benefits are realized by approaching these
limits.

The objectives are achieved with a comprehensive literature review and the results
of the four original publications presented in this thesis. Publication I demonstrates
the importance of photosensitizer triplet state lifetime to the TET and TFUC
process, especially in viscous media and when acceptor concentrations are limited.
Publication II is a comprehensive study on the effect of the photosensitizer and
acceptor properties and their concentrations on the performance of a TFUC system
with focus on the photosensitizer lifetime and energy gap between the
photosensitizer and acceptor triplet states. In Publication IT we also postulate that in
certain cases efficient TFUC is possible even when the triplet energy gap is close to
zero or even positive (endothermic). Publication III verifies this hypothesis by



demonstrating that with careful design of the TFUC system and with superb
photosensitizers, even substantially endothermic TET can drive the TFUC process
efficiently and subsequently extend the excitation wavelength. In such case, the TET
process becomes entropy driven. The entropy change can be maximized and utilized
efficiently in systems that consume the transferred triplet states rapidly, such as some
photoswitching systems. This concept is demonstrated in Publication IV that
shows efficient azobenzene photoswitching by indirectly exciting azobenzene
photoswitches via triplet energy transfer from photosensitizers possessing
considerably lower triplet state energies than the acceptor azobenzene.

These results contribute to the field of photon upconversion by establishing
directions for maximizing TET efficiency when, for example, the acceptor
concentration is limited or even for “energetically non-favorable”, i.e. less than 4 kT
exothermic triplet energy gap, photosensitizer-acceptor pairs. Such guidelines are
important when designing upconversion systems in nanoconfinement and solid state
or when maximized upconversion energy shift is desired. In addition to photon
upconversion, the thesis highlights the utility of TET as an alternative excitation
pathway for azobenzene photoswitching systems. The realization that even
substantially endothermic TET is capable of driving azobenzene isomerization
effectively paves way for near-infrared excitable photoswitching systems that are
required in, for example, biomedical applications.

1.2 Outline

This thesis consists of five chapters. Chapter 1 is the introduction and provides the
reader the background and motivation for these studies. In Chapter 2, after
establishing the principal properties of electronic triplet state, the focus is on the
mechanism, thermodynamics and kinetics of triplet energy transfer, and how it can
be studied experimentally. Chapter 3 introduces the process of triplet-fusion photon
upconversion and establishes the connection between the efficiency of triplet energy
transfer and triplet-fusion photon upconversion. Chapter 4 outlines (azobenzene)
photoswitching, its different indirect or orthogonal excitation pathways and why
endothermic triplet energy transfer is especially viable for azobenzene
photoswitching. Chapter 5 draws the conclusions of this thesis and offers some

prospects for research in future.



2 TRIPLET ENERGY TRANSFER

After the absorption of a photon, the created excited state of a molecule faces
multiple possible fates. It may decay to the ground state non-radiatively or by
emitting another photon. The excited molecule may change its spin state from a
singlet to a triplet via a process called intersystem crossing. It may interact with
another molecule by transferring a charge or the excitation energy. If this interaction
results in the donation of energy from a triplet excited state to a triplet state of the
acceptor, the process is called triplet energy transfer. In this Chapter we shall work
through from the definition and general properties of triplet state to how it is
generated after photoexcitation and eventually to triplet energy transfer — its
mechanism, what sets it apart from charge and other energy transfer processes, and
the thermodynamics involved. The final two shorter sections are devoted to the
experimental aspects of triplet energy transfer and the relationship between oxygen
and triplet excited states. As expressed in the introduction, the grasp of these
fundamentals is paramount to understand triplet energy transfer driven processes
like photon upconversion (Chapter 3) and sensitized photoswitching (Chapter 4) and
achieve their full potential.

2.1 Triplet state — definition, formation, and general properties

To define “triplet state”, we will first take a brief excursion to the 1920s that
experienced one of the golden ages of physics with an astonishing number of
revolutionary discoveries and theories that lead to the conception of quantum
mechanics.8” One of these discoveries was the spin, the inherent angular moment of
a particle or atom, its influence on for example spectroscopy®! and the periodic table
of elements and chemical bonding under the Aufbau principles.

The electron, being a fermion with an electric charge, has three fundamental
properties in the context of this thesis: 1) it has a spin of V2, 2) its spin and electric
charge give it a magnetic dipole moment and angular moment and 3) its
wavefunction is antisymmetric. This antisymmetry invokes the Pauli exclusion
principle®3, which states that two electrons cannot occupy the same quantum state.



In terms of atoms and molecules, two electrons sharing an orbital are required to
have opposite spins, /2 and -2. As most molecules do not possess unpaired electrons
in ground state (molecular dioxygen being an exception, vide infra), their total spin
quantum number is zero (2 + (-2) = 0). However, especially in some cases of
excited states, the two electrons that once shared an orbital may be separated and no
longer constrained by their fermionic nature of maintaining opposite spins. In such
a case, the total spin quantum number can be -1, 0, or 1. Thus, the spin multiplicity
is three, when in the case of paired electrons in the same orbital, the spin multiplicity
is naturally one. As is probably already evident, a system with spin multiplicity of one
is a singlet state and with three a triplet state. To conclude this brief history lesson,
it has to be noted that this terminology of singlet and triplet states first originated
from the observation of spectral lines splitting under an external magnetic field,
which was satisfactorily explained with the concept of spin in, you guessed it, the
1920s.84

How are triplet states then formed if most molecules have a singlet ground state?
This question is especially prudent due to the conservation of spin angular
momentum, which makes transitions from singlet to triplet state and vice versa
forbidden and thus typically improbable.8>80 However, in addition to their inherent
spin angular momentum, the electrons in atoms and molecules are in orbit and
therefore possess orbital angular momentum. These two momenta acting on the
electrons are coupled to a varying a degree via a relativistic effect called the spin-
orbit coupling (SOC). The magnitude of SOC and consequently the probability of
intersystem crossing (ISC) between two different spin multiplicities can be evaluated
by considering the integral of the two states involved in the transition (here from

singlet to triplet state as an example):
[ﬁsoc]ij = <¢si|ﬁsoc|lprj> M

where Hgp( is the SOC operator (Hamiltonian), 1 is the electronic wavefunction of
the initial singlet (S) and the resulting triplet state (T). In qualitative terms, the
magnitude of SOC and therefore the probability of multiplicity mixing is dependent
on the Hgpc and the character of the states involved. First, let us consider the SOC

operator that can be approximated® as

a For details, see Penfold et al.% and Baryshnikov et al.1%.
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where m, is the mass of the electron, ¢ is the speed of light, Zlef T is the effective
nuclear charge of the nucleus I, 7 is distance and 2i is the angular momentum and §;
is the spin operator of electron i. From Eq. 2 we can draw the first simple conclusion
that SOC and consequently ISC is enhanced by the nuclear charge. This is called the
heavy atom effect’” and it is utilized in many triplet photosensitizers (PS) i.e.
molecules that are capable of generating an excited triplet state upon excitation with
light.

While it is useful for depicting the coupling of spin and orbital angular moment
and the heavy atom effect, Eq. 2 in its simplicity is a very limited description of the
formation of a triplet state. The fact of the matter is that the Born-Oppenheimer
approximation® is liable to break down in excited molecules, which necessitates the
inclusion of the vibrational contributions to ISC. Fermi’s golden rule® is often
utilized in describing the rate of population transfer between states as the function
of the coupling strength between the initial and final states and the number of ways
the transition can occur i.e. density of (final) states. For ISC this can be written (with

the electronic and vibrational contributions separated) as?

kisc =2 S| (Ws| Asoc[wr)|” Zivslve) 2 6(Es — Ep), 3)

where v and Vg are the vibrational wavefunctions, Eg is the energy of the singlet
state and Ep is the energy of the triplet state and the § function ensures the
conservation of energy. The vibrational term is often called the Franck-Condon
factor or Franck-Condon weighted density of states.”’ The coupling and thus
transfer rate between two states depends on the energy gap between them — the
smaller the energy gap, the higher the transfer rate — which is why the application of
Fermi’s golden rule is sometimes called the energy gap law.”2

Eq. 3 underpins the vibrational contributions to ISC but for the sake of simplicity,
the electronic and vibrational terms were separated, which can be reasonable for
rigid molecules with localized electronic states. However, for molecules with high
flexibility and density of states, such simplistic approaches as the heavy atom effect,
the energy gap law or El-Sayed rules” occasionally fail to describe ISC and the use
of a more holistic, spin-vibronic (vibrational and electronic) approach is required.?
This means that the wavefunctions in Eq. 1 need to be replaced by the electronic,
vibrational and spin wavefunctions and perturbations thereof. A sound example of



a molecule where the electronic, vibrational and spin cannot be treated separately is
porphyrin and its derivatives that are common PSs and also employed in every
publications presented in this thesis. Free-base porphyrin has no heavy atoms in its
structure, the electronic transitions are almost purely of T — " character meaning
that the change in the spin is not accompanied by changes in the angular momentum
(El-Sayed rules) and the energy difference between the first singlet (S1) and triplet
(Th) states is large yet somehow the efficiency of the singlet-to-triplet ISC can be as
high as 90 %.%4 In such a case, the ISC from S; to T} in free-base porphyrin can only
be explained with spin-vibronic coupling, which is the result of out-of-plane
vibrations of the porphyrin macrocycle.?> This causes spin-vibrational coupling
between the S; and T by mixing some 0 — " character in to the electronic
wavefunctions allowing efficient ISC.%

Having outlined the somewhat complicated nature of the formation of triplet
states from originally singlet state molecules, we shall conclude this chapter by
considering some of the interesting properties of triplet states. One of the pioneers
of molecular spectroscopy, Aleksander Jablonski, proposed in 1933 the existence of
a metastable energy level between the ground state and the prompt excited state in
some common dye molecules and that the probability of the transition from this
metastable state to the ground state is small.?” Ten years later, the pioneers Terenin
and Lewis & Kasha recognized this low lying metastable state as a triplet.?89 Thus,
again with a little historic context, we come to recognize some of the most important
properties of molecular triplet excited states:

1) They have lower energy than their respective singlet state, i.e. E(T,) < E(Sy).b

2) 'The probability of spontaneous transition from a triplet excited state to the
singlet ground state is low, thus the lifetimes of excited triplet states are long,
typically several orders of magnitude longer than excited singlet states.

3) 'They are paramagnetic due to the nonzero total spin and thus having a net
magnetic dipole moment.

4) 'They are quenched by molecular dioxygen, which yields highly reactive singlet

OXygen.

We shall now dedicate the rest of Chapter 2 to elaborate on these properties. Some

of these processes and properties related to triplet states are summarized in Fig. 1.

b Possibly the first exception was reported in 2021.370
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Figure 1. The unimolecular processes involved with excited singlet and triplet states. The arrows
represent the spin of the electrons. The solid lines represent radiative transitions while the
dashed lines represent non-radiative processes, such as internal conversion (occurs without
change in spin multiplicity) or intersystem crossing (occurs with change in spin multiplicity).
The typical rate constants of the processes are from Baryshnikov et al.100

To explain why the energy of the triplet state is lower than the corresponding
singlet state, a chemist may remember the Hund’s rules!®!, the first one of which
postulates that the electronic state with the largest total spin has the lowest energy.!02

This is the result of exchange interaction!3104 that leads to repulsion between

electrons due to the Pauli exclusion principle. For a two-electron system with

orthogonal orbitals a and b the total energy is
E=E,+E,+]tK “)

where E; and E}, are the unperturbed energies, J is the Coulomb integral and K is
the exchange integral. A positive sign is assigned to the singlet and a negative sign to
the triplet state.!02105 Therefore, the energy difference between the singlet and triplet

states 1is



AEs_p = 2K. ©)

For the electrons 1 and 2 occupying the orbitals, K can be evaluated by the overlap
of the orbitals in space:

K ~~—(a(D)b(2)]a(2)b(1)). ©)

Thus, AEg_7 of a molecule depends on two factors, the distance separating the
electrons and the ovetlap of the orbitals occupied in the excited state. For m — m*
systems, such as anthracene (1.5 eV10) or perylene (1.4 eV17), AEg_¢ tends to be
large wheteas in n — " systems, such as benzophenone (0.2 eV106), it is small as a
result of smaller ovetlap between the orthogonal n and " orbitals.

Manipulation of the exchange integral of molecular systems has led to the
breakthrough of the thermally activated delayed fluorescence (TADF) materials.!”
When the AEs_7 of a molecule is low enough (typically in the order of 0.1 eV),
reverse ISC from the triplet state back to the more emissive singlet state may occur
by thermal excitation. This results in delayed fluorescences and can be used for
example in organic light emitting diodes (OLEDs) to increase their efficiency by
promoting some of the triplet excitons to the singlet state after charge
recombination.!® In TADF dyes, AEg_r is reduced by introducing charge transfer
character to the excited states using electron donor and acceptor moieties, which
increases the separation of the electrons in the excited state and decreases the orbital
overlap. The orbital overlap can be further decreased by twisting the moieties in
respect to each other with sterically bulky substituents.!0%110 The small AEg_r allows
efficient ISC and several TADF molecules have been used as PSs.!11.112

Another interesting class of materials with low exchange energies are
semiconductor quantum dots/nanocrystals. In these materials, the high dielectric
constant attenuates the electron-electron repulsion and spatial confinement of the
exciton (electron-hole pair) result in small exchange integrals (typically called bright-
dark state splitting in semiconductors) in the order of 1-100 meV and thus effective
mixing of the singlet and triplet states.!'3 In fact, the SOC is so strong in such
materials that total angular momentum should be used as the defining quantum
number instead of spin. This enables the use of semiconductor quantum
dots/nanocrystals as PSs, a research topic that has received much attention in the
last few years, 112114117

¢ Occasionally, or more historically, called E-type delayed fluorescence after eosin was discoveted to
undergo temperature dependent reverse ISC and delayed fluorescence by Parker & Hatchard.37!



Until this point, we have only considered transition from the triplet state to be
improbable and thus longer living, especially when compared to fluorescence from
the excited singlet state due to the forbidden nature of transitions involving change
in the spin multiplicity. Prior to the establishment of quantum theory,
phosphorescence was typically differentiated from fluorescence only by the fact that
it was more persistent. For example, TADF was considered to be a form of
phosphorescence until the 1940s and the works of Terenin and Lewis & Kasha, who
identified triplet state as “phosphorescent state unique”? in molecules. This led to
the modern definitiond of phosphorescence that IUPAC designates as
“luminescence involving change in spin multiplicity, typically from triplet to singlet
or vice versa”.!18 For the context of this thesis this definition works well. However,
it should be noted that due to SOC being non-zero in practically every system, all
electronic states have mixed singlet and triplet state character. As was the case with
semiconductor nanocrystals, even in some molecules, especially those that contain
heavy elements like Ir or Pt, SOC is so strong that S and T states become quasi-
degenerate and distinction between fluorescence and phosphorescence becomes
convoluted.!'® In many systems, fortunately, singlet and triplet states are spectrally
and temporally well-resolved, which enables the detection of phosphorescence as a
powerful tool, used in every publication of this thesis, to examine the triplet state, its
energy, lifetime and character. For example, in Publication II, the phosphorescence
spectra of the PSs, tetraphenylporphyrins metalated with Zn, Pd or Pt ions, were
used to evaluate their triplet energies that are shown in Fig. 2.

d Here we ate concerned about molecular phosphorescence, not for example phosphorescence
originating from electron-hole recombination in semiconductors.
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Figure 2. Intensity normalized phosphorescence spectra of the PSs used in Publication Il. The triplet
state energy was assigned by the maximum of each spectrum. Reprinted with permission
from Publication I1.11® Copyright 2019, ACS.

2.2 Mechanism and thermodynamics of triplet energy transfer

Quenching of excited states was briefly mentioned in the previous section. Now we
shall take a closer look at different quenching, i.e. energy or charge transfer,
mechanisms between different molecules and states. After establishing these
mechanisms, we will focus on triplet energy transfer (TET) and its parameters.

To determine whether charge transfer (CT) or energy transfer (ET) occurs
between two molecules, we first need to introduce the term frontier molecular
orbitals (FMO) that includes the highest occupied molecular orbital (HO) and lowest
unoccupied molecular orbital (LU) of the ground state of a molecule. This makes
the notation of electron configurations simple for molecules as the ground state can
be expressed as (HO)? and an excited molecule as (HO)!(LU)!. In most cases, the
extent (probability) and mechanism of the quenching reaction can be determined by
examining the FMO interaction between the donor (D)e and acceptor (A) of the

¢ A photosensitizer is a donor in its triplet state.
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system.!% The interactions that can occur in ET are dipole-dipole and electron
exchange interaction and in CT solely electron exchange. These (simplified)
interactions are illustrated in Fig. 3. ET may also occur by a trivial or radiative
mechanism, i.e. the donor emits a photon that is absorbed by the acceptor. This,
however, is not considered a quenching mechanism since it does not result in shorter
excited state lifetime. It is also worth mentioning that, since direct singlet-to-triplet
excitation is improbable due to its spin-forbidden nature and therefore low
absorption cross section, TET cannot occur via the radiative mechanism.

The overall electronic coupling that results in ET can be expressed as!20
V= VCoul + Vexch + Vovlp> (7)

where Vi is the Coulomb interaction between electronic transitions, Ve is the
exchange coupling that arises from the indistinguishability of electrons in many-
electron wavefunctions and Vpy, depicts the overlap between the donor and
acceptor orbitals. Over large distances (we shall give some context on what is a large
distance a bit later), only Coulomb interaction can take place. This Coulombic
interaction was approximated as the dipole-dipole coupling between the transition
states of D and A by Theodor Forster'21.122 which is why the dipole-dipole ET is
often called Férster resonance energy transfer (FRET).

12



LU —T Z o
2) —
Ho @Y : i X B . B
D* A D A*
L& o
b) e
e ee e ee
D* A D* A"
. N _e
—
.9 C e e _ o
D* A - *
L& o
d) E —
o0 e e _ o

D* A D A*

Figure 3. Schematic mechanisms of a) resonance energy transfer (dashed arrow represents dipole-
dipole interaction), b) electron (charge) transfer, c) hole (charge) transfer and d) exchange
electron transfer.

Thus, the Coulombic coupling can be approximated with dipole-dipole
interaction!?3:

1 [3(MD'RDA)(#A 'RDA)—MD'#A]

V =V =
Coul dd ame,

Rt ©
where ft is the transition dipole moment and Rpy4 is the separation between the D
and A. The square of the transition dipole moment is proportional to the oscillator
strength of the electronic transition. Experimentally, the oscillator strength is directly
proportional to the extinction coefficient of absorption and radiative constant of
emission.!’® In the Forster theory, these quantities are related to the emission
(fluorescence) lifetime of D and the overlap of emission spectrum of D and
absorption spectrum of A, resulting in the well-known relation between the dipole-
dipole coupling and rate of FRET:120,122

kO
Viq % Kpger ﬁ](ﬁq), )
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where kJ is the radiative lifetime of D and J (€,) is the overlap integral of D emission
and A absorption where the extinction coefficient of A is included in the integration.
The overlap integral of emission and absorption spectra gives notion to the similarity
between the radiative ET and FRET. Indeed, they are a unified process in terms of
quantum electrodynamics, where FRET is mediated by virtual photons and radiative
ET by real photons.124

Typically, the Coulombic coupling is considered to occur between two singlet
states as these transitions are allowed with discernible transition dipole moments and
thus Vigyy been regarded to become zero if either D or A undergoes a change in
multiplicity.'?> However, strong SOC can promote large enough transition dipole
moment between the triplet excited state and singlet ground state of D for triplet-
singlet FRET to occur between D and A.126.127 In principle, triplet-triplet and singlet-
triplet ET can occur via SOC-mediated FRET but even in theory this pathway is
negligible (approx. 10-¢ X Vi, when compared to singlet-singlet FRET)!23 and
experimentally energy transfer from excited triplet states has been found to be
independent of A singlet-triplet oscillator strengths.128 As neither radiative ET nor
FRET can be considered as a plausible mechanism of yielding a triplet excited
acceptor from an excited donor,f we need to consider a third mechanism.

It was already mentioned that the Coulomb interaction dominates at large
distances between the molecules. Rightfully one begins to wonder what occurs when
the distance between D and A becomes small. And by small we mean so small that
the orbitals of D and A begin to overlap, i.e. D and A come into contact. At such
distances, the electron exchange and orbital overlap coupling (see Eq. 7) cannot be
neglected. Moreover, they naturally become the predominant coupling modes for
forbidden transitions as the Coulomb coupling vanishes,. The theory of ET
occurring at such small distances was first introduced by David Dexter!?? and thus
ET via electron exchange is often called Dexter energy transfer. The coupling in this
case can be written as!23

V ~ 2BerBnr K,
AE

(10)
where Bor and fjr are the electron and hole transfer matrix elements between D
and A, AE is the energy difference between the charge-separated (D*A-) and locally
excited (D*A) configurations and K is the exchange integral. Eq. 10 highlights the

f Perhaps a trivial mechanism of yielding a triplet excited A is FRET from singlet excited D to A that
immediately undergoes ISC.372
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contribution of €T and hT to the exchange ET and the fact that exchange ET can
be considered simultaneouss T and hT (see Fig. 3).130-133 Owing to the exponential
spatial distribution of orbital wavefunctions, the exchange coupling also attenuates
exponentially in space.!2313¢ Thus, in the Dexter theory, the rate of exchange ET has
the following proportionality to D-A separation:!29.134

kgr o K2J oc exp (—2224) ], (11)

where L is the effective average (Bohr) radius of the D and A wave functions, which
has been estimated to be, for example, 1.3-1.4 A for naphtalenes!? and 4.8 A for
porphyrin!36.  Thus, besides the D-A separation, the magnitude of K depends
strongly on the spatial distribution of the D and A orbitals, i.e. molecular shape, size
and orientation.!30.13L.137 Altogether, for efficient exchange ET to occur, much
shorter distance (<10 A) between D and A is typically required than in FRET (<100
A).138

It should be noted that both the Férster and the Dexter theory are based on the
Fermi’s golden rule (one may notice the similarity between Eqs. 3, 9 and 11). Thus,
the overlap integral / can be considered to account for the Franck-Condon factors
in ET.120 In case of FRET, J is scaled by the extinction coefficient of A, while in
exchange ET the overlap integral is normalized.'25129 Therefore, as opposed to
kerer, ker has no dependence on the transition dipole moment of A (nor D). This
implies that exchange ET can promote even forbidden transitions, provided that the
total spin multiplicity of D and A is remains constant in the process,!3%140 which the
electron exchange ensures as it conserves the electron spin (see Fig. 4).125129 In the
context of this thesis, this means that a triplet excited D (PS) can transfer its energy
to a singlet ground state A to yield a singlet ground state D (PS) and a triplet excited
A, ie. triplet-triplet energy transfer that we will call triplet energy transfer (TET)
henceforth. Other transitions can also occur via exchange ET, such as doublet-triplet
energy transfer'#! as long as the total spin multiplicity is conserved.

g While typically exchange ET is regarded as simultaneous €T and hT, there has been discussion
whether exchange ET can also occur with distinctive €T and hT steps from semiconductor
nanocrystals.!15373-375
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Figure 4. Exchange energy transfer conserves the spin of the transferred electrons and requires
orbital overlap between the donor and the acceptor.

So far, we have discussed that PS and A need to be in contact for TET. This can
be achieved either by bridging the chromophores together or collisions. In bridged
systems (D-bridge-A, where bridge is either a solvent molecule(s) or a covalently
linked moiety), the bridge can mediate the energy transfer by mechanisms such as
superexchange or hopping.'38.142 However, in this thesis PS and A are separate
molecules in a solvent, which makes their collisions and thus TET dependent on the
rate of diffusion. As the PS and A begin to collide, they form an encounter complex.
Within the encounter complex, the orbital overlap between PS and A occurs as they
form a collision complex and TET may occur between them. The dissociation of PS
and A is then again diffusion controlled. Thus, the observable rate of TET (kggr)
depends on the rate of diffusion (kg;r) and rate of the exchange ET (Eq. 11). This

overall process? is depicted in Fig. 5.
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Figure 5. Formation of an encounter complex between PS and A leads to TET. The solvent cages of
the individual molecules and the complexes are shown in grey. The competing process,

spontaneous decay of the excited triplet state, is shown for both PS and A with the dashed
arrows and the corresponding rate constants.
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Diffusion is microscopically related to Brownian motion and macroscopically can
be treated with the Stokes-Einstein equation!43, where the diffusion coefficient and
consequently the rate of diffusion has an inverse dependence on the solvent
viscosity.!4 After the diffusion limited encounter complex formation, PS and A
share a solvent cage, where they may undergo multiple collisions before energy
transfer occurs. As the dissociation of the encounter complex is also diffusion
limited, the encounter complex lives longer in viscous solvents. Therefore in low-
viscosity solvents the lifetime of the encounter complex may be too short for TET
to occur and the apparent Krgr may differ substantially from kg;¢.100,145,140

However, diffusion is not always the limiting factor for TET in solutions, the
actual coupling between PS and A naturally affects krgr as well. Besides the spatial
separation, the coupling depends on the orbital overlap between PS and A, which
can be estimated using the PS3* — PS' emission spectrum and A' — A%
absorption spectrum (Eq. 11). Owing to the forbidden nature of these transitions
(especially direct singlet-to-triplet absorption), the direct determination of the
spectral overlap can be challenging or even experimentally impossible,'3* while some
computational approaches for evaluating the coupling have been developed by
simulating the corresponding spectra'47.148 or potential energy surfaces!4%:150, Thus,
the rate of TET is often estimated by examining its thermodynamic feasibility using
the triplet energies of the sensitizer and the acceptor.29:151

When TET is observed in a solvent with a large population of PS and A, the
triplet state population between the PS and A molecules follows the Boltzmann

distribution and thus k can be evaluated using an Arrhenius-type!52 equation:!53
TET g p q

kai
krer = #JCAET’ (12)
1+exp(m)

where AE7 is the energy gap between the triplet states of PS and A, ie. AEp =
E(A%*) — E(PS?"), kg is the Boltzmann constant and T is the temperature. Here
the PS and A triplet state energies correspond to their vertical (0-0) transitions,
meaning the emission energy of PS (phosphorescence) and singlet-to-triplet
absorption of A. As such (and for now), AE} can be considered as the enthalpy
change in the energy transfer reaction.!54155 Therefore, when AE; < 0, energy
transfer is exothermic and when AE7 > 0, it is endothermic. Consequently, if AE7 is
highly exothermic (AE; < -4 kgT or 100 meV at room temperature), Kpgp is
essentially diffusion limited (krgr — kgi). Another trivial consequence is naturally

krgr(AE; = 0) = %kdif' As AE} becomes more positive, the rate of TET from
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the sensitizer to the acceptor becomes smaller and the reverse TET (RTET, see Fig.
5) from the acceptor back to the sensitizer becomes more probable. The ratio
between forward TET (FTET, from sensitizer to acceptor) and RTET depends again
on AE:153

PETET — exp (<L), (13)

krTET kpT

Eq. 13 depicts the energy transfer dynamics between sensitizer and acceptor with
close triplet energies. These dynamics, however, cannot be depicted only with
enthalpy change, as we know from chemical equilibrium, and the use of (Gibbs) free
energy change should be used instead to take the entropy change into account:

AG = AH —TAS, (14)

where AH is the enthalpy change (AE}) and AS is the entropy change. Thus, in an
endothermic TET system, FTET needs to be driven by the entropy change as RTET
is largely enthalpy driven. To efficiently populate the acceptor triplet states, AS needs
to be maximized by ensuring large population or concentration between the ground
and triplet excited states of both PS and A as depicted in the following equation:!5*

_ [ps**][a]
AS =k In (5 ), (15)

where the brackets indicate the concentrations of the singlet ground state and triplet
excited state PS and A. Eq. 15 gives straightforward rules for maximizing AS and
making endothermic TET spontaneous and efficient: The PS manifold (total number
of PS molecules, ground and excited state) should be limited and as occupied as
possible by excited triplet states. The opposite is required for the A manifold, i.e. it
should be large and unoccupied. This is illustrated in Fig. 6.

18



Figure 6. Photosensitizer and acceptor manifolds in TET. The black dot indicates a site occupied by
an excited (triplet) state. Intuitively, by limiting the size of the S manifold and keeping it
occupied, RTET becomes less probable.

Eq. 15 depicts the “mixing” entropy change involved in TET. Other
contributions to AS in TET are 1) changes in dipole moment and therefore
solvation, 2) changes in orbital and spin degeneracy and 3) changes in the degrees of
freedom of the molecule, i.e. changes in conformations.!>> However, if there is no
substantial CT involved in the states and considering that spin multiplicity is
conserved in TET, 1) and 2) can be considered negligible. In nonrigid molecules,
such as biphenyl, benzophenone or stilbenes, there may be substantial
conformational differences between the ground and excited states, which can invoke
substantial AS in the TET process.156-158

Molecules that possess substantially different geometries in ground and excited
states are often regarded to undergo so-called non-vertical electronic transitions
since the ground and excited state potential energy surfaces are strongly displaced.
This notion has also been adopted to ET systems whete the donot/sensitizer and/or
acceptor undergoes a non-vertical transition and consequently the ET process is also
called non-vertical!5>159.160 or “hot-band” assisted!¢®:161, Such terms underline the
importance of the vibrational contributions to the ET process (see Eq. 11!). These
vibrational features may be especially significant in endothermic TET as the
electronic transitions are strongly coupled with the conformational changes and
substantial discrepancy between the energy values yielded by “spectroscopic” vertical
(T1-So) and the sensitized (So-T'1) transitions may be observed.1¢0

To conclude this chapter, the author would like to reiterate the fascinating
quantum mechanical (electron exchange) and thermodynamic (Gibbs free energy,
mixing entropy) aspects of TET and emphasize their often-intertwined nature (non-
vertical ET and its observable effects on the thermodynamics of ET). Their
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collective understanding is therefore required for designing new TET-based systems
and can lead to exciting and unexpected discoveries. 154162-172

2.3 Quenching studies of triplet energy transfer

TET is considered a quenching process as the PS triplet state is quenched by the
acceptor. The quenching can be observed by monitoring the lifetime of the PS
triplet. Lifetime measurements can be performed by measuring the phosphorescence
decay or transient triplet-triplet (T1-To, n = 2, 3, ...) absorption of the PS after
pulsed excitation. Since every PS used in this thesis exhibit observable
phosphorescence even at room temperature, quenching studies were performed
measuring PS phosphorescence lifetime in presence of A. Quenching studies can be
performed also by monitoring the steady-state intensity of phosphorescence as the
lifetime and intensity are directly proportional. Time-resolved measurements are
however often preferred over steady-state ones due to the ability to, for example,
resolve dynamic and static quenching processes.!”> Another method for elucidating
TET kinetics is observing the rise of the triplet-triplet absorption of A of, in certain
cases as we will outline in Chapter 3, the delayed fluorescence of A.

Quenching is quantified by the ratio between the unquenched PS lifetime in
absence of A (Ty) and in presence of A (7). The dependence of this ratio to [A] is
called the Stern-Volmer relationship:174

2 =1+ Kyl[4], (16)

where Kgy is the Stern-Volmer constant with a unit of M~ Kgy is the product of
Ty and the quenching rate constant, which in case of TET is naturally krgp:

2 =1+ kpprto[A] 17)
The quenching rate constants, either Kgy ot krgr ate typically determined by titrating

the phosphorescence sample with A and fitting the rate constant to the quenching
data as shown in Fig. 7.
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Figure 7. Phosphorescence decays of (a) Pt-tetraphenylporhyrin (PtTPPOH) and (b) Zn-
tetraphenylporphyrin  (ZnTPPOH) with tetra(tert-butyl)perylene (TTBper) as A in
polyethylene glycol. The insets show the resulting Stern-Volmer plots with the quenching
rate constants (here TTET is TET). Reprinted with permission from Publication 1.175
Copyright 2018, RSC.

The probability of (triplet) energy transfer from the excited state, ie. the
efficiency of quenching, is the ratio between the energy transfer rate and the sum of
the rates of every decay process. For a PS-A system it is thus

q)TET=1_l=kTE—T[A] (18)

1
To E"’kTET (A7

which is expressed with the reciprocal of the spontaneous decay rate i.e. the lifetime
of the excited state. This emphasizes the effect of the PS lifetime to the quenching
process, which is also evident in the Kgy values for the PS-A pairs shown above in
Fig. 7 as the unquenched triplet state lifetime of PtTPPOH is 61 us and ZnTPPOH
is 11 ms in polyethylene glycol. If the quenching efficiency is plotted as the function
of [A] (tetra(tert-butyl)perylene) for these two PSs used in Publication I, the effect
of Ty becomes even more striking as shown in Figure 8. For example, to yield 0.9
quenching efficiency, only 40 uM of A is required for ZnTPPOH, whereas 3 mM is
required for PTPPOH even though the ZnTPPOH /tetra(tert-butyl)perylene pair
exhibits smaller k77 due to the considerably lower triplet energy of ZnTPPOH (see
Fig. 2).
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Figure 8. The quenching efficiency @ of PSs ZnTPPOH and PtTPPOH in polyethylene glycol as
a function of quencher tetra(tert-butyl)perylene concentration [A].

Quenching studies provide essential insight into the kinetics and dynamics of
photochemical processes like TET and can be implemented to estimate for example
AE7 between PS and A. If the triplet energy of the PS is known (by for example
measuring its phosphorescence spectrum, see Fig. 2), the triplet energy of A can then
be evaluated indirectly with quenching studies, an approach commonly used, also in
Publications II-IV, for molecules that do not exhibit observable phosphorescence
or direct singlet-to-triplet absorption. For example, in Publications III-IV the kg
values obtained from quenching studies were used to evaluate the previously
unknown triplet energies of the acceptors and the thermodynamic nature of TET
with Eq. 12.
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24 Oxygen and triplet states

The rest of this chapter is dedicated to molecular dioxygen (Oz). Excited triplet
states and dioxygen share such an inseparable relationship that, at least in the humble
opinion of the author, they should be introduced simultaneously. Ground state
dioxygen has two electrons occupying doubly degenerate antibonding 7 orbitals and
per Hund’s rules, these electrons are unpaired, which results in a triplet ground
state.1’0 This biradical electron configuration of dioxygen gives it peculiar
properties!’7.178 as a reactant and would be worth their own dissertation. However,
here we shall limit the discussion on the interaction of dioxygen and excited states.

Singlet (di)oxygen is generally produced by triplet ground state dioxygen
quenching excited molecules due to 1) ET from both excited singlet and triplet states
being spin-allowed, 2) the excitation energy of singlet oxygen (0.98 eV) being
substantially lower than most triplet photosensitizers, which makes the ET fast and
irreversible and 3) small size of the dioxygen molecule enabling rapid diffusion.!79.180
As the high atmospheric concentration of dioxygen also ensures its abundancy in
most media, intermolecular processes can rarely compete with oxygen quenching.

The photosensitization of singlet oxygen is often regarded to occur via exchange
ET, although some discrepancies with pure Dexter theory have been reported.!s! As
already mentioned, both excited singlet and triplet states may undergo quenching to
yield singlet oxygen:

PSY™ 4+ 03 - PS* + 03" (19)
PS* + 03 - PS* + 03" (20)

The process depicted in Eq. 19 is often considered to be limited to PS whose
AEs_7 = 0.98 eV and is sometimes called oxygen mediated or enhanced ISC. More
often singlet oxygen generation is associated with excited triplet state quenching (Eq.
20) due to the longer lifetime and thus more probable collision between the excited
molecule and dioxygen.

Due to the proficiency of dioxygen to quench excited triplet states and therefore
ability to compete with for example TET, its removal is often necessary from the

medium. Another detrimental aspect of dioxygen in the medium is the high reactivity
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of singlet oxygen,!'82 which can lead to oxidation (“photobleaching”) and degradation
of the dye molecules involved in triplet state processes. The reactivity of
photosensitized singlet oxygen can also be beneficial for some applications, such as
synthetic ~ chemistry?0,  photopolymerization!83,  photoisomerization!8*  or
photodynamic therapy!85.186,

Different strategies have thus been developed to overcome the quenching and
oxidation caused by dioxygen. Arguably the most straightforward approach is
removal of dioxygen from the medium by, for example, freeze-pump-thaw degassing
or purging with an inert gas such as nitrogen, helium or argon. However, complete
deoxygenation is often challenging and leaking of oxygen back into the medium may
perturb especially long-lasting measurements. Diffusion of dioxygen back into the
medium can be hindered by employing materials with barrier properties against
dioxygen, such as high viscosity solvents'4¢ and rubbery polymeric materials!®’, or
encapsulating the system in macro and micro!8® or nanoscale!®. Oxygen can also be
removed chemically by employing oxygen scavengers. Oxygen scavengers, like
sodium sulfite’®0, may react with ground state triplet dioxygen or photosensitized
singlet oxygen, like oleic acid!#¢ or dimethyl thiomethane!*'.

Combinations of these strategies have been used in this thesis: The solvents,
polyethylene glycols (PEGs) in Publications I-III and dimethyl sulfoxide in
Publication IV, were thoroughly purged with nitrogen. Furthermore, the high
viscosity of polyethylene glycol makes it an efficient barrier for oxygen diffusion,
enabling long lasting oxygen sensitive measurements. In addition to removing
oxygen, the solvents were doped with singlet oxygen scavengers: oleic acid in
Publications I-III and dimethyl thiomethane in Publication IV. Oxygen scavengers
enable oxygen sensitive processes to occur even without prior removal of oxygen,
which is shown in Publication IV.
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3 TRIPLET FUSION UPCONVERSION

Until this point, although interesting in its own right as a physical phenomenon, the
utility of TET may seem unclear. In this Chapter we shall delve into triplet fusion
upconversion, one of the two processes driven by TET we will explore in this Thesis.
After introducing the mechanism and overall process of triplet fusion upconversion,
we focus on the factors that influence its efficiency, especially in relation to TET.
Let’s get to the good stuff.

3.1 Mechanism of triplet fusion

In 1962, one year after reporting the eosin or E-type (thermally activated) delayed
fluorescence, Parker & Hatchard recognized another type of delayed
fluorescence.!9-194 While the E-type delayed fluorescence originates from a single
triplet excited state undergoing reverse intersystem crossing to the fluorescent singlet
state, this new type of delayed fluorescence, called P-type!95:19 (for pyrene) or triplet-
triplet annihilation!97.198, resulted from interaction between two triplet excited states
yielding one fluorescent singlet excited and one singlet ground state. This was
indicated by, for example, the quadratic dependence of the intensity of the delayed
fluorescence to the excitation rate.!”

After these seminal discoveries, the overall process of triplet-triplet annihilation
or triplet fusion® (TF) has become established:3* Photoexcitation of a PS molecule
generates a triplet excited state that undergoes TET to an A molecule. When two
triplet excited A molecules come into contact, triplet fusion may occur and result in
one singlet excited and one singlet ground state. This overall process is shown in Fig.
9. Naturally, the TET step is not required as TF may occur for example between two
triplet excited PS molecules like porphyrins.58:200.201 However, an efficient TF system
typically requires the TET step, as we will see in the next section. The whole TF

h The term triplet fusion is preferred by the author due to the conformity with its inverse process,
singlet fission.
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process from photoexcitation of PS to emission from A is called photon
upconversion if the energy of the emissive state of A is higher than the initial

photoexcited state of PS, for example E (A**) > E(PS™).
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Figure 9. Jablonski diagram of the overall process of triplet fusion photon upconversion. The solid red
arrow represents the photoexcitation of PSs that undergo ISC and TET to A triplet states.
When in contact, two excited A molecules may undergo triplet fusion (TF) that results in one
singlet excited A molecule while the other is reverted to its ground state. The solid blue
arrow represents upconverted delayed fluorescence from the singlet excited A molecule.
As was the case with exchange ET, TF requires contact or orbital overlap
between the excited molecules and the underlying mechanism was early on
recognized as exchange interaction between two triplet state wavefunctions,!97.202:203
which can be examined as a four-electron state of the encounter complex.204 The
exchange interaction between the triplets breaks down their degeneracy and results
in nine (three times three) possible combinations of the spin states in the encounter
complex: one with singlet, three with triplet and five with quintet state character (see
Fig. 10).205206 The probability of yielding a certain spin state after dissociation of the
encounter complex is called spin statistics.207 Often the spin-statistics are reduced to
one number, f; that denotes the probability of yielding an excited singlet states by
fusing two excited triplet states.208.209
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Figure 10. Possible spin state combinations resulting from triplet fusion and based on the spin tensor
product (Glebsch-Gordan coefficients) of the interacting individual spin states.210

With the statistics presented above, the simple assumption?!! would be that TF
has the probability of 11 % (1/9) to yield an excited singlet state. However, excited
singlet yields above 11 % are routinely achieved experimentally as in for example
Publications I-III. This discrepancy between the experimental and purely statistical
singlet yields is often attributed to the energetics of the molecules involved in TF.
Firstly, a quintet state is generally unattainable for a single molecule due to its high
energy?!2213 and thus the quintet encounter complex is thought to revert back to its
starting species (2 X A3*) that are “recycled” back to the triplet population and may
yield a singlet state upon TF.214215 The higher triplet excited state (for example Tb,
denoted by the double asterisk in the middle channel in Fig. 10), undergoes rapid
internal conversion to A3* that can take part in TF making the singlet yield 40 %.216-
218 This is the expected fate of the T state per Kasha’s rule?!, however in some
systems the T> state can undergo competing ISC to the S; state increasing the S;
yield. 220-222 The 40 % limit stands only if the formation of a higher excited state is
possible upon TF, i.e. the combined energies of the two T states are higher than the
T> state. Naturally, this is also a requirement if the S; state is to form upon
TF.217223224¢ Some acceptors, such as rubrene?16.225 tetracene?26, TIPS-anthracene??’
and perylene2®, have been demonstrated to have singlet yields well above 40 %. This
is attributed to the combined energy of two T states to lie in between the S; and T>

states, 1.e.
E(S;) <2 X E(T,) < E(T). (21)

This would effectively leave only the singlet channel open for TT as both the quintet
and triplet channels are energetically inaccessible and allow 100 % singlet yield upon
TF, which is why the conditions presented in Eq. 21 are often considered to be one
of the criteria for efficient acceptors for TF.48228 It should also be noted that the
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energetics outlined in Eq. 21 are naturally subject to thermal effects that may have
significant contribution to the geometry of A and therefore the energy levels of its
excited states.22”

The above presented mechanism of singlet state generation upon TF has been
shown to be somewhat simplistic and therefore quite limited by the current boom
of studies in singlet fission.204230.231 As the aim of singlet fission is to produce two
triplet states from one singlet state — the exact reverse of the aims of TF — the
entanglement between the rules governing both processes is integral. Bossanyi et
al.?! attribute these shortcomings to the assumption of the triplet pairs undergoing
TF are strongly exchange coupled, which leads to neglect of such factors as inter-
molecular orientation in the encounter complex and internal conversion and
intersystem crossing between the Ti, T2 and S; states. In such case, the upper limit
of E(T,) presented in Eq. 21 may no longer benefit the TF system. This distruption
of the 1:3:5 spin statistics is exciting for the field of TF as it will inspire new studies
into the mechanism of TF and likely realization of more efficient TF upconversion

systems.

3.2 Efficiency of triplet fusion upconversion

The efficiency of TF upconversion (TFUC) systems can be quantified using three
figures of merit: 1) quantum yield, 2) excitation power density threshold and 3) anti-
Stokes shift or upconversion energy shift. Respectively, these figures of merit
translate in a good TFUC system as the capability to yield upconverted photons from
absorbed photons with high probability, under low excitation power density and
with a large energy difference between the upconverted and absorbed photons.
However, these requirements may vary between different application areas as we will
discover with some examples in the following sections.

First and arguably the most important figure of merit for any TFUC system is the
quantum yield of upconversion, ®y¢, for which the simplest and most common
definition is the number of emitted upconverted photons per number of photons
absorbed by the photosensitizer. If the aim of the TFUC system is not to emit
photons rather than create higher energy excited states that are harvested to drive a
process, such as a photovoltaics or photochemical organic synthesis, @y is the ratio
of upconverted excited states and photons absorbed by PS.232 As TFUC is cascade
of several processes, @ can be expressed as the product of the quantum yields or

efficiencies of each process:
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1
Qye = Py CDISCCDTETfCDTFCDfluo' (22)

where @y is the quantum yield of intersystem crossing, ®@rpr is the efficiency of
TET, f is the spin statistical factor discussed above, @ 1 is the quantum yield of TF
(occasionally f is included in @rp), and Py, is the fluorescence quantum yield of
A. Maximum theoretical @y cannot exceed 50 % due to the inherent two-to-one
photon nature of TFUC. Therefore a “multiplication factor” of two is sometimes
used in Eq. 22 to normalize the maximum theoretical @y to 100 %. This practise
is however becoming less prevalent and the normalized results are recommended to
be called efficiency instead of quantum yield.228232 It is worth noticing that in the
original publications of this thesis still report normalized quantum yields.

PS initiates the TFUC process by absorbing a photon and undergoing ISC to
yield an excited triplet state. @5 depends on the strength of spin-orbit coupling in
the PS molecule as discussed in Chapter 2. The maturation of TF from a curiosity to
a useful tool in so many application fields in 21st century has been attributed to the
introduction of efficient PSs based on metal-containing chromophores such as
porphyrins or phthalocyanines.?* The heavy metal ion, most often Zn, Pd or Pt,
enhances SOC via the heavy atom effect and enables @5 to reach close unity
values. All PSs used in this thesis are metalated porphyrins with ®@;5. = 90 %.

The efficiency of the next step, TET, is determined by the combined properties
of PS, A and the medium. Already expressed in Eq. 18 in Chapter 2.3 as quenching
efficiency, ®pr can be considered as a function of PS triplet lifetime 7, [A] and
rate constant of TET Kppr. As we also recall, krgr depends on the rate of diffusion
in the medium and the triplet energy gap AE7 between PS and A. Thus, there are
generally three approaches for achieving high ®@7gr: 1) employ a PS-A pair with a
large AE} to maximize krgr, 2) utilize high [A] and/or 3) employ PS with long 7,
all of which were employed in this thesis.

Relying on a large exothermic AE7 between PS and A is often the strategy to
ensure efficient TET. However, increasing the energy gap much below -4 kgT offers
no enhancement as krgy has already reached its maximum value, i.e. Kg;¢. This may
suffice for TFUC systems operating in low viscosity solvents to achieve high @ g
with low [A] and short T,. However, as many applications of TFUC require media,
such as polymeric materials, where diffusion is hindered, the other two strategies
need to be leveraged.?33-23> Although increasing [A] seems the most straightforward
strategy, it may be limited by the medium due to aggregation or phase separation of
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the dye molecules or overall loading capacity, a common issuel in polymeric and self-
assembled materials.37.56.236-238

Therefore, utilizing PSs with long T, presents a prudent approach for ensuring
efficient ®@ppr even with low [A] and slow diffusion. This was explored in
Publication I, where two PSs with considerably different triplet lifetimes were
employed for TFUC in highly viscous polyethylene glycol. The 11 ms triplet lifetime
of ZnTPPOH enabled over 10 % upconversion quantum yield already at 400 uM
[A] and maximum @y, of 13 % was reached at 1.5 mM [A]. PtTTPOH with
substantially shorter 7g, 61 ps, required 3 mM to reach 15 % upconversion quantum
yield.

Similar [A] titration was performed for Publication III to explore the extent of
reverse triplet energy transfer in a TFUC system where the triplet energy gap
between PS and A is positive i.e. endothermic. Projection of ®@rgr based on PS
phosphorescence lifetime quenching (see Fig. 8 for example) is prone to
overestimation as it reflects the forward TET (PS to A, FTET). The equilibrium
between FTET and RTET can thus be revealed by monitoring ® ;¢ as a function of
[A], which is illustrated in Fig. 11. The titration curves were used to find the [A] that
yielded maximum @y and therefore comparable @ g for two different TFUC
systems, one with exothermic PS/A pair (AE; = -0.4 kgT) and the other with
endothermic PS/A pair (AE; = 3 kgT). For the (slightly) exothermic pair, the [A] to
yield 90 % ®rgr projected by phosphorescence quenching results and Eq. 18
(®prpr) was 0.7 mM while the apparent maximum @y was reached at 1.2 mM.
Strikingly, the respective values for the endothermic pair were 0.35 mM and 5 mM,
even when PS of the endothermic pair had over 20 times longer 7y (440 us vs. 10.3
ms). As such, the endothermic PS/A pair makes a sound example of a TFUC system
where both high [A] and long T are required for high ®pr.

i Although aggregation is often considered deleterious to TF-UC systems, A dyes exhibiting
aggregation induced emission or co-aggregation of PS and A may be utilized for TF-UC operating in
solid-state conditions.376:377

30



1.04—-- = Pd, PEG200
——-- @ Zn, PEG200 _ :
- A Pd, PEG300 a8
0.84—-- & Zn, PEG300 4. tos o
;o =]
re =
' : O
15 0.6 A
[ . ' .E
L ' E
© 0.4 £ 1 losE
: g o
i <
0.2- ! F0.2
0.0 ; . ok & oo
106 105 10# 0= 102

[PEAP], M

Figure 11. Comparison between TET efficiency yielded by phosphorescence quenching results
(®prgr, solid lines) and (normalized) upconversion emission intensities (symbols and
dashed lines) of PATAPIP (Pd, exothermic) and ZnTAPIP (Zn, endothermic). The red
dashed arrow highlights the discrepancy between the methods to evaluate [A] needed for
90 % TET efficiency. Reprinted with permission from Publication 111.165 Copyright ACS 2020.

Similarly to @ gy, the efficiency of TF can be expressed in (steady-state) kinetic
terms as*0

kTF[A3*]2 _ kTF[A3*]
krer[PS3N[AY  kppla® ]+ (23)
To

Orp =

where [Al] and [A3*] are the concentration of ground state and triplet excited A
molecules, respectively, T4 is the triplet lifetime of A and Kk is the rate constant of
TF. Investigating this equation, one notices that @ depends on the [A3*], which is
the product of the chain of processes prior to the formation of A3* beginning from
the absorption of photon. This dependency of @ 1 and consequently of @y on the
rate or intensity of excitation is explored more in depth later in this chapter.
As TF requires contact between the triplet excited A molecules, @7 is dictated
by the rate (or probability) of these contacts. In TFUC systems where the A
molecules are initially separated, krp is thus essentially diffusion-limited.239.240
Therefore, long triplet state lifetime is paramount for TF systems relying on
molecular or exciton diffusion.235241-243 The limitations imposed by the medium to

kyr has prompted studies to achieve intramolecular TF between covalently linked
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chromophores in either dimers or larger oligomeric or even polymeric molecules
instead of intermolecular TT.242244-250

The spin-statistical factor f i.e. the probability of yielding an excited singlet state
upon TF, was already introduced and discussed in the previous section, ergo we shall
concentrate on the fate of that newly generated singlet state and how to ensure its
radiative decay. As such, dyes with high intrinsic ®f,,, are preferred choices for A.
However, there are several processes that arise from the operating conditions of
TFUC systems and reduce @gyy,, such as excimer formation, aggregation, and
FRET from A back to PS.

Excimer (excited dimer) formation is somewhat innate to TF systems as the
solvent cage where TF has occurred contains one excited and one ground state A
molecule.?! Excimers may reduce the TFUC efficiency either by introducing a non-
radiative pathway for A thereby decreasing @y, or red-shifting the emission.?>2
Excimer formation can be mitigated by introducing moieties, such as alkyl groups,
that sterically alter the stacking interaction between A molecules.?53.25% Optimizing
[A] is also important as overly high ground state concentration increases the
probability of excimer formation.25* This was achieved in Publications I and III by
titrating the TFUC system with A to find the concentration that yielded maximum
®yc. Parenthetically, dimerization of anthracene, one of the most iconic
photochemical reactions, can occur via the excimer formed upon TF.255.25

As discussed above, reverse triplet energy transfer from A to PS can lead to lower
® g and therefore lower @ . Energy transfer from the singlet excited state of A
to PS can also occur via the FRET mechanism (see Chapter 2.2) if the emission
spectrum of A overlaps the absorption spectrum of PS. For example, the so-called
Soret band of porphyrin PSs often overlaps with the A fluorescence spectrum. This
causes reabsorption of the upconverted light and may even enable FRET in TFUC
systems with either spatially confined PS and A or high [PS] resulting in reduced
Dfyy.228257-259 On the other hand, FRET from A can facilitate the harvesting of the
upconverted excited states to, for example, drive drug release via
photodissociation?® or outcompete singlet fission2>%-201, Incidentally on this note,
the realization that FRET efficiency is not limited by @, of the donor, a common
misconception,?? could widen the A selection for FRET-based TFUC systems as
currently the choice of A molecules is typically restricted to ones exhibiting high
q)fluo‘

Experimentally ®y. is typically determined by using so-called relative
actinometry, where the UC emission intensity is compared to the fluorescence

intensity of a reference whose fluorescence quantum yield is known.263 For example,
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the reference dyes used in this thesis were the widely utilized Rhodamine 6G in
ethanol (P, = 95 %204, Publications I and II) for the green light absorbing TFUC
systems and methylene blue in water (Qy,,, = 4 %265, Publication III) for the red
light absorbing systems. PSs with non-unity ®;s. present an interesting variation of
the relative actinometry as their fluorescence can be utilized as an internal quantum
yield reference.26¢ In addition to reference-based methods, determination of absolute
® ;¢ using an integrating sphere are becoming more common.267.268

As was briefly mentioned above, @y depends on the excitation power density
(Ipxc), which was already observed in the first TF studies by Parker and Hatchard.
This quadratic dependence of the UC emission intensity to Iy, rationalized by the
requirement of two triplet excited to generate one emissive singlet state, has often
been used as proof of TF being the underlying mechanism for delayed
fluorescence.26%-27# The rate of excited singlet state ([A**]) generation upon TF can
be expressed with three coupled rate equations that were also used as the basis for
the kinetic model used in Publications II and I11:275-277

a[ps3]

—— = @y [PS'] = k7 [PS*"] = kppr [PS®][A'] (24a)
L beren (PS04 = KALA°"] = ke [4°7 24)
@ = = flerp A% - k§[AV], (24¢)

where a is the extinction coefficient of PS at the excitation wavelength(s) (later we
will use absorption a that is the product of @ and [PS']) and kg is the excited
singlet state decay rate of A. Under low power density excitation [A3*] is small, which
implies that k#[A3*] > kpp[A3*]?, i.e. most of the triplet excited A molecules decay
spontaneously instead of undergoing TF. Monguzzi et al. called this condition the
case of slow TF and solved Eq. 24 under steady-state conditions showing the
expected [A™] o (I,xc)?.275 In the case of fast TF, I,y is so high that [43*] is large
and results in kpp[A3*]? < k#[A3*], i.e. the main decay path for A3* is via TF. In
such case, solving Eq. 24 under steady-state conditions yields [AY] o I,y.. The
linear dependence thus indicates that the TFUC system is operating at its maximum
@ c. The kinetic investigation of TF by Monguzzi et al. however culminates in the
recognition of a specific I,y that results in kpp[A3*]* = k#[A3*] and is aptly
named the power density threshold or I,. This represents a tipping point of a TF
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system where @7 is half of its maximum (see Eq. 23) and can be expressed in terms

of the kinetic parameters as

Iy, ﬂ (25)

DPrerkrra

Consequently, I;;, has become the definition of the lowest I, required to operate a
TFUC system efficiently and therefore an important figure of merit that facilitates
objective comparison between different systems as it ties together parameters from
multiple steps of the TFUC process. For most applications minimizing Iy, is
desirable, however the ability to manipulate Iy, may become an important feature
for TFUC-based applications that require localized photochemistry such as light-
driven 3D printing.5

I, can be determined with two different methods, either by finding the crossing
point of UC emission intensity between the linear and quadratic dependence on I,y
(Fig. 12a) or finding I,y that yields half of the maximum ® . (Fig. 12b). The first
method can be visualized by plotting the UC emission intensity and I,y in a double
logarithmic scale and fitting two lines to the data, one with a slope of one and another
with a slope of two. The intersection of these (extrapolated) linear fits is equal to the
I;. The second method is based on the fact that at Iy, the TFUC is operating at half
of its maximum @y due to the only power density dependent process of TFUC
being the TF.
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Figure 12. The power density dependence of 532 nm excitation of three TFUC systems
photosensitized by PdTPPOH (red dots), PtTPPOH (black squares) and ZnTPPOH
(magenta diamonds). Reprinted with permission from Publication I1.1® Copyright ACS 2019.

In Fig. 12 we see the power density dependence of three TFUC systems with

clearly different I values. To explain these differences, we will first take another
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look at Eq. 25 that shows the influence of the triplet lifetime of A, rate of TF,
absorption, and efficiency of TET. In Publication II, the TFUC systems employed
the same A and equal [A], 3 mM of tetra(tert-butyl)perylene, and equal absorption
(the optical density was 1 over the 1 cm path length at the excitation wavelength of
532 nm). Thus, the variation in I, between the systems is the result of different
@ pr. As we have seen eatlier in Eq. 18, ® g depends on kygr, To of PS and [A].
According to the phosphorescence quenching results, 3 mM of tetra(tert-
butyl)perylene should result in over 90 % ® 1y for each system and due to exhibiting
the longest Ty, the ZnTPPOH sensitized system should prevail with the lowest I;,.
This is however in stark contrast with the experimentally determined Iy, which
revealed that something had been overlooked in the evaluation of TET efficiency.

Besides 7, there were two major differences that set the ZnTPPOH-sensitized
system apart from the others: the triplet energy of PS and its concentration. Ey of
ZnTPPOH is substantially lower, = 0.2 eV, than the other PSs (see Fig. 2) and results
in a very small energy gap between ZnTPPOH and A. Moreover, to obtain optical
density of one at 532 nm, [ZnTPPOH] = 294 uM was required, almost three and six
times higher than PtTPPOH and PATPPOH, respectively. Altogether this indicated
that reverse TET from A to PS is probable in the ZnTPPOH system.23?

This sparked an investigation into the interplay of AE, [PS], [A] and 7y, which
determines the equilibrium between the forward and reverse TET and consequently
influences heavily the I, of a TFUC system. Due to the number of variables, the
tool of choice for this investigation was kinetic rate modelling. The model was
fundamentally based on Eq. 24 with additional terms to account for RTET and its
task was to solve the excitation intensity (or photon flux) that yielded half of the
maximum Py, i.e. Iy. In terms of [A], the results were quite straightforward, as
high [A] is beneficial for attaining low Iy, especially with short living PS and
negligibly exothermic AE7. Initially, with highly exothermic AE; (< —4 kgT) the
choice of [PS] seems as trivial as [A] — high [PS] increases the absorption and
therefore lowers Iy, per Eq. 25 (see Fig. 13a). The kinetic landscape changes however
dramatically, when AE} approaches zero or even becomes endothermic. In such
case, the Iy, has a clear parabolic behavior in respect to [PS], especially with shorter
To (see Figs. 13c and d). This clearly demonstrates the effect of RTET, especially
prominent with endothermic PS/A pairs and short living PSs, as it begins to compete
with TF with higher [PS] and thus reduces its efficiency.27827% This was verified also
experimentally, as in the absence of significant RTET, decreasing [PS] should result
in higher I, whereas three times lower [ZnTPPOH] = 100 uM resulted in decrease
of Iy, from 260 to 200 mW /cm?2.
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Figure 13. Power density thresholds as excitation photon rates of TFUC systems with AE, of —4 ksT
(@), =1 ksT (b), 0 keT (c) and 0.8 ksT (d) as a function of PS concentration ([So]) and PS
triplet lifetime (z5, note the superscript S for sensitizer). Here photon rate of 10 s
corresponds approx. to 290 mW/cm2 of 532 nm excitation. Reprinted with permission from
Publication I1.11® Copyright ACS 2019.

Indicated by the results of the kinetic model, it became apparent that through
judicious planning, even endothermic PS/A pairs can be used for efficient TFUC.
This however requires certain properties from the PS: long T, and high molar
extinction coefficient. The latter requirement stems from the need of strong
absorption (Eq. 25) with low [PS] that will minimize the probability of RTET.
Coupling a PS that exhibits such properties with A of sufficiently high concentration
suppresses RTET and allows the realization of an efficient TFUC system driven by
endothermic TET.

To test this hypothesis in Publication III, we mobilized two PSs, Pd and Zn-
tetraarylphthalimidoporphyrins (Pd and ZnTAPIP), that boast long triplet lifetimes,
0.44 and 10.3 ms, and ultrahigh molar extinction coefficients, 264000 and 199000
M1 em ) respectively. The PSs were paired with an acceptor, 9-(4-phenylethynyl)-
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10-phenylanthracene  (PEAP), in viscous PEG200 and PEG300. The
phosphorescence quenching studies revealed slightly exothermic (-0.4 ksT) and
substantially endothermic (3 ksT) energy gaps between PdTAPIP/PEAP and
ZaTAPIP/PEAP, respectively. [PS] that yielded optical density of 1 or 2 at the
excitation wavelength in PEG200 or PEG300 were chosen, which required only
4.2/8.4 uM of PATAPIP or 5.1/10.2 uM of ZnTAPIP in 1 cm path length, thanks
to their outstanding molar extinction coefficients. [A] for each system was based on
the titration results that yielded the highest @y, (Fig. 11). The resulting TFUC

performance of each system is shown in Figs. 14a and b.
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Figure 14. @ of PATAPIP (Pd) and ZnTAPIP (Zn) sensitized upconversion in PEG200 (a) and
PEG300 (b) as a function of excitation power density. The I,;, values were determined as
the power density that yielded half of the maximum &.. Note that & . have been
multiplied by 2 (i.e. out of 100 % theoretical maximum). The modelled ,,, values with varied
[PS] and [A] are shown in (c) and (d) for both PS in PEG200 with the corresponding
experimental parameters and results highlighted by arrows. Reprinted with permission from
Publication 111.165 Copyright ACS 2020.

Remarkably, the TFUC systems sensitized by ZnTAPIP exhibit lower Iy, than
PATAPIP. This can be attributed to the suppression of RTET due to long T and
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high [A]/[PS] (see Chapter 2.2 with Fig. 6 and the “mixing” entropy change involved
in TET) as a result of increased [A] and high molar extinction coefficients that
enabled high optical densities with very low [PS]. Kinetic rate modelling (Fig. 14 ¢
and d) was performed to test the systems beyond the experimental conditions, which
demonstrated the comparable TFUC performance between the highly endothermic
ZaTAPIP/PEAP and exothermic PATAPIP/PEAP systems.

Publications I and III outline guidelines for achieving efficient TFUC even with
endothermic PS/A pairs. This requires certain properties, such as long T, or high
molar extinction coefficients, from PS and/or increased [A]. At this point it is also
fair to raise the question why one should go through all this trouble in designing the
TFUC system if efficient TFUC can be achieved with a highly exothermic PS/A pair
in a more straightforward manner. One way of justifying this is to draw the attention
to the third and last figure of merit introduced in the beginning of this Chapter — the
upconversion energy shift. Decreasing the triplet energy of PS, making AE more
endothermic, often translates also in lower singlet state energy of PS. This naturally
permits the use of lower energy excitation and results in a larger upconversion energy
shift,154162280.281 ywhich was also realized in Publication III as replacing PATAPIP
with ZnTAPIP increased the upconversion energy shift from 0.80 to 0.89 eV (see
Fig. 15). Red-shifting or even extending the excitation wavelengths of TFUC into
near infrared is being pursued actively for many photonic applications as it offers for

example deeper tissue penetration or broader harvesting of the solar spectrum.>0
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Figure 15. The fluorescence spectrum of PEAP and the absorption spectra of PATAPIP and ZnTAPIP.
The upconversion energy shift for both PATAPIP and ZnTAPIP-sensitized TFUC systems is
shown as the energy difference between PEAP emission maximum and PS absorption
maxima. Reprinted with permission from Publication 111185 Copyright ACS 2020.

Increasing the endothermicity of TET is only one of many approaches for
increasing the upconversion energy shift by minimizing the so-called enthalpic or
thermalization losses of TFUC as enthalpy change is often involved also in TF and

ISC. Minimizing these losses during TF would require moditying either the singlet

or triplet energy of the A chromophore while maintaining the general condition of

2 X E(Ty) > E(S1). While promising, only tecently TFUC studies have shown

deliberate control of the energies of these states over the other.223.224282-284

Decreasing the singlet-triplet energy gap of PS is arguably the most common

approach for increasing the upconversion energy shift,'2 which can be achieved by

employing TADF dyes or semiconductor nanoctystals/quantum dots as already
discussed in Chapter 2. However, many of TADF PSs utilized in TFUC systems
have been originally designed for organic light emitting diodes, where low molar
extinction coefficients are not a concern and efficient fluorescence and reverse ISC
is beneficial, which necessitates new PS designs and synthesis.285287 One of the
outstanding challenges for using semiconductor nanocrystals as PSs to expand the
upconversion energy shift is the requirement of exothermic AE} between the
nanocrystal and the surface-bound so-called bridge or transmitter ligands that
harvest the triplet excitons and transfer them to the unbound A molecules.288-291
Another concept for minimizing the losses involved in ISC is to bypass it completely.

Although still more of a curiosity, osmium complexes exhibit appreciable extinction
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coefficients for direct singlet-triplet absorption owing to extremely strong spin-orbit
coupling.292 While exhibiting impressive upconversion energy shifts (~1 eV), these
systems are otherwise still lacking in upconversion efficiency mostly due to very
short triplet lifetimes (<1 us) caused by said strong SOC.293-2%

Considering these unresolved limitations, engaging an endothermic PS/A pait is
a sound approach for expanding the upconversion shift. In fact and in more general
terms, provided that the TFUC system is properly designed with PSs exhibiting
suitable properties such as long T and high molar extinction coefficient, this Chapter
is concluded with the overall notion that endothermic TET need not necessarily
imply inefficient TFUC as reverse TET can be controlled with relatively simple
measures like the concentration ratio of PS and A. Moreover, the lessons learned
about harnessing endothermic TET in this chapter will come in handy when

designing other photosensitized systems, like sensitized photoswitching.
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4 SENSITIZED PHOTOSWITCHING

Photoswitches are molecules that convert reversibly between isomers under
excitation.!* A common example of photoswitching or photoisomerizable molecule
is retinal or retinaldehyde that undergoes eis-to-#rans isomerization upon absorbing a
photon, which initiates the cellular signalling cascade responsible for vision.2%
Hundreds of millions of years of evolution later, several other types of
photoswitches have been discovered: azobenzenes297.298,
notbornadienes/quadricyclanes??, spiropyrans/merocyanines’®, donot-acceptor
Stenhouse adducts’"!, diarylethenes’2, overcrowded alkenes)3, indigos3®, and
stilbenes3% and other olefins3%, to name a few. Arguably, the most common class of
photoswitches is azobenzenes due to their stability, reliability, efficiency (high
quantum yields of isomerization and large molar extinction coefficients) and
tunability.15.307-309

Photoswitching of azobenzenes (Azo) between the #rans (E) and ¢is (Z) isomers
causes significant changes in the molecular geometry shown in Fig. 16. The
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Figure 16. E (above) and Z-isomers (below) of an ortho-tetrafluoroazobenzene (TFA), one of the two
azobenzene photoswitches used in Publication IV (here methyl-terminated instead of ethyl).
E-isomer assumes a planar geometry, whereas the phenyl rings of the Z-isomer are highly
twisted. The geometries were optimized using B3LYP/6-31G(d) level of theory on Gaussian
16 (revision C.01)310,
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isomerization naturally affects the electronic properties of the molecule, which
imparts different absorption spectra to the isomers giving rise to the photochromism
of the photoswitch. Thus, if the absorption bands of the isomers are separated
enough, their selective photoexcitation at different wavelengths results in back-and-
forth photoswitching. Here we will call this direct excitation. Isomerization from the
Z-isomer to the thermodynamically more stable E-isomer also occurs in the dark via
thermal excitation.

The properties of azobenzenes, such as absorption spectra, photoisomerization
quantum vyields and rates of thermal isomerization, depend on the molecular
structure and are therefore highly tuneable by substitutions of the phenyl rings.
Unsubstituted azobenzene possesses fairly strong absorption in the UV range (7 —
") and weaker absorption in the blue range of visible spectrum (n — ") while
exhibiting a long half-life of two days for the Z-isomer at room temperature.30?
Altogether the unsubstituted azobenzene shows robust and efficient photoswitching
as excitation at 313 nm or 436 nm yields so-called photostationary states of 20 % or
90 % of E-isomer, respectively.3!! However, the requirement of short wavelength
excitation hampers the utility of the unsubstituted azobenzene in many applications,
especially biological ones where green or preferably red or near infrared excitation is
desired.312-314 Thus, considerable synthetic efforts have been made to red-shift the
absorption of azobenzenes, which include para and ortho-substitution and
protonation.’15-324 However, these approaches usually coincide with substantial
shortening of the Z-isomer half-life, down to minutes or even microseconds for the
near-infrared absorbing azobenzenes, a trait often considered deleterious for the said
biological applications as it prevents control over the isomer composition and
necessitates high-intensity excitation and/or long exposure.325-328 New approaches
are therefore needed to yield bistable azobenzene photoswitching systems operating
in the red or near-infrared range of the spectrum.

This leads us to indirect excitation that leaves the intrinsic properties (such as
long half-life) of the azobenzene photoswitch intact but expands the excitation
modality beyond its capabilities by introducing a proxy system responsible for
harvesting the excitation and transferring it to the photoswitch. Several concepts for
indirect excitation of azobenzenes have been demonstrated: two-photon excitation
of an antenna molecule or moiety and subsequent (singlet) energy transfer to the
azobenzene,32-31 upconverted excitation,32-33 photoinduced electron or hole

transfer,335-33% and the most established approach of these — triplet sensitization.340-
346
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Triplet sensitization of azobenzenes yields selectively the E-isomer,340,344.348
which can be elucidated by examining the potential energy curves (Fig. 17) of
different electronic states of azobenzene. Ti state crosses So at two N=N twist
angles, approx. 65 and 120 degrees, with the Tt minimum (110 degrees) close to the
latter. Furthermore, the crossing point at 120 degrees and the Tt minimum are nearly
degenerate, while a small energy barrier exists between the 65-degree crossing and
T1 minimum. This clearly indicates that isomerization via excitation of the T
strongly favors the E-isomer.3#7-349 Naturally, the crossing between the T1 and So
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Figure 17. Potential energy curves of unsubstituted azobenzene singlet (solid line) and triplet (T+
and To, circles and diamonds) states along the N=N twist (‘CNNC Dihedral Angle”).
Reprinted with permission from Gagliardi et al.3#” Copyright Springer Nature 2003.
manifolds requires spin-orbit coupling, which is considerable for azobenzene as one
may expect for molecules with n — " character. As the product of the almost
negligible energy barrier and considerable spin-orbit coupling, overall Ti-So
intersystem crossing in azobenzene is very rapid (see Fermi’s golden rule, Eq. 3) with
an estimated rate of 10" s1.348 Against this backdrop, triplet sensitization of

azobenzene offers an efficient mode for rapid and selective Z-to-E isomerization.

i This estimate is based on computational studies. The triplet state of azobenzene has so far evaded
direct experimental observation, which also testifies for its ultrashort lifetime. Triplet lifetimes in the
10-100 ns range have been measured in viscous solvents at low temperatures for azobenzenes with
electron donating and withdrawing para-substitution (sometimes called push-pull azobenzenes or
pseudostilbenes).378 Their prolonged and thus observable triplet kinetics are assigned to the ™ — "
character of their T} state caused by the strong push-pull effect.
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Triplet sensitized isomerization of azobenzenes was discovered already in 1960s
by George S. Hammond.3*0 Much like triplet fusion, until the turn of the millennium
it was mostly studied by using organic photosensitizers with absorption in the shorter
wavelength range of the visible spectrum. We set out to investigate the potential of
strongly red-light absorbing photosensitizers, Pd and Pt-
tetraphenyltetrabenzoporphyrin (PdP and PtP) for azobenzene photoswitching in
Publication IV. These PSs were paired with two bistable azobenzenes, TFA323 and
FPA (bearing an ortho-fluorine and ortho-pyrrolidine)3'®. The structures of the PSs and
azobenzenes are shown in Fig. 18.

R R = CO,Me
M = Pd/Pt
OMe
F
_N
N
F N
OMe
FPA
— PdP/PtP
---- PdNP

Figure 18. The structures of the photosensitizers (PdP/PtP and Pd-tetraphenyltetranaphthoporhyrin,
PdNP) and the azobenzenes TFA and FPA used in this thesis. Reprinted with permission
from Publication IV.16 Copyright RSC 2021.
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The TET kinetics between these porphyrin photosensitizers and azobenzene
acceptors were studied by phosphorescence quenching using both I and Z-isomers
of the azobenzenes as acceptors. The resulting TET rate constants, shown in Table
1, revealed with Eq. 12 that TET from both PSs was exothermic to TFA and
endothermic to FPA.

Table 1. Triplet energies of E- and Z-isomers of the azobenzene triplet energy acceptors TFA
and FPA in DMSO (kg4;r ~ 1.1 x 10° M-'s"). The triplet energies of the PSs PdP and
PtP were determined to be 1.55 eV and 1.61 eV, respectively, by phosphorescence
measurements. The measurements were performed at room temperature.

PS/A pair kygr (M1s) AE; (keT) AE; (meV) Er (V)
PdP/E-TFA 8.7 x 108 1.3 34

1.49-152
P{PIE-TFA 1.1 %109 47 120
PdP/Z-TFA 8.1 x 108 1.0 -26

1.52-1.56
PtP/Z-TFA 9.7 x 108 2.0 -52
PdP/E-FPA 2.8 x 108 11 29

158-1.63
PtP/E-FPA 3.6 x 108 0.7 18
PdP/Z-FPA 2.4 x 108 13 34

1.58-1.65
PP/Z-FPA 2.2 x 108 14 36

Sensitized photoswitching was studied by initial direct excitation of the
azobenzenes to yield Z-isomers in the system followed by excitation of PS to drive
the triplet sensitized Z-to-E isomerization. The absorption spectra with the
excitation wavelengths and photoisomerization curves of these systems are shown
in Fig. 19. Remarkably, the sensitized isomerization was equally fast for both
azobenzenes despite the substantial differences in the triplet energies and TET rate
constants yielded by the phosphorescence quenching studies.
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Figure 19. Absorption spectra (A and C) and photoisomerization curves (B and D) of the sensitized
photoswitching systems. The slower isomerization rate afforded by PtP is mostly the result
of smaller spectral overlap between the excitation source (640 nm LED) and the absorption.
The direct E-to-Z photoisomerization was excited with either a 525 nm (TFA) or 405 nm
(FPA) LED. Reprinted with permission from Publication IV.'6¢ Copyright RSC 2021.

To put the quenching and sensitized isomerization results into context, we can
examine the overall kinetic scheme of the process:344350

PS3 + (E-Ab)! 75 pst 4 Ap?* (26)
k _

PS® + (Z-Ab)' —= PS" + Ab** @7)

Ab> 5 (g apy! (28)

Ab™ L 7 aby, (29)
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where Ab means azobenzene and sensitization of either isomer yields the same
triplet state as both isomers revert to the same triplet state minimum (see Fig. 17).
As the sensitization results selectively to Z-to-I£ isomerization, the kinetic scheme
implies that kjgc—g > Kjsc—z, which was also inferred from the potential energy
curves with the relative energies of the T1-So crossings in respect to the T1 minimum.
The kinetic scheme also reveals that TET must be the rate limiting step in the
sensitized isomerization process as the rate of ISC is estimated to be extremely high
from T to Sy of the E-isomer. Nevertheless, the rate of isomerization for both
azobenzenes appears equal despite the large differences in the TET rate constants
triplet energy gaps between PSs and the azobenzenes. This indicates that TET
resulting in isomerization must have a substantial positive entropy component as the
rate of isomerization is apparently decoupled from the TET rate constants yielded
by quenching studies. The “mixing” entropy change in TET can be evaluated as
previously with

15 = kyn (L2221

[4b3*[PS1] (30)
where the ultrashort triplet lifetime of azobenzene ensures [Ab3*] < [(Z-Ab)'],
[PS3*], [PS'] and a negligible probability of reverse TET. Combined with the
possibility of non-vertical energy transfer (see Chapter 2.2) due to the large geometric
distortion3® involved in the isomerization, we can postulate that PSs with
substantially lower triplet energies than the acceptor azobenzene can still effectively
sensitize azobenzene photoswitching.

To test this hypothesis, TFA was paired with another PS, namely Pd-
tetraphenyltetranaphthoporhyrin or PANP, that exhibits absorption in the near-
infrared region (maximum absorption at 712 nm) and low triplet energy (1.3 eV vs.
1.55/1.61 eV of PdP/PtP). As a result, the triplet energy gap between PANP and Z-
TFA was 8.5 kgT or 220 meV at room temperature. Despite this formidable
endothermic barrier for TET, PANP was capable of sensitizing isomerization of
TFA efficiently under 740 nm (shown in see Fig. 20) and even 770 nm near infrared
excitation. As such, this was the first demonstration of triplet sensitized
photoisomerization with beyond visible wavelengths. Furthermore, it offers the
benefit of low-power incoherent excitation over the other indirect excitation
approaches operating in the near infrared range like two-photon absorption and
upconversion nanoparticles that require high-intensity laser light sources. To further
highlight the utility of triplet sensitized near infrared photoswitching, we performed
stepwise photoisomerization of bistable TFA with dosed excitation (see Fig. 20) as
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such control over the isomer composition is not achievable with near infrared

absorbing azobenzenes due to their shortened Z-half-lives.
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Figure 20. The absorption spectrum (top left) and the photoisomerization (740 nm LED excitation, top
right) curve of the PANP/TFA photoswitching system. The direct E-to-Z photoisomerization
was excited with a 525 nm LED. Stepwise photoisomerization with 10 and 20 s near infrared
excitation doses (bottom). Reprinted with permission from Publication IV.168 Copyright RSC
2021.

As a conclusion, it should be mentioned that triplet sensitized photoswitching is
not unique to azobenzenes as many other types of photoswitches, such as
stilbenes!>6.159.351,352 overcrowded alkenes?53,  diarylethenes354-356,  indigos357,
spiropyrans3>8 and norbornadienes5%300 undergo isomerization when their triplet
states are populated. Triplet sensitized isomerization has also its uses in
enantioselective catalysis.’¢1362 Thus, it would be interesting to investigate if
endothermic TET can be utilized to push excitation wavelengths of these other types
of photoswitches and photocatalysis beyond the visible wavelengths. As for
sensitized photoswitching of azobenzenes, we conclude this chapter by highlighting
some opportunities offered by near infrared photosensitized isomerization for
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biomedical applications. For example, photocontrol of hydrogel stiffness by Z-to-E
isomerization induced gel-to-sol transition, as demonstrated by the Kalow lab,363.304
could be useful for dynamic cell cultures or light-triggered drug release. Another
example comes from the field of photopharmacology, where replacing the core of a
small molecule drug by an azobenzene or “azologization” is a common method to
achieve optical control over function. However, most drug azologs are active as their
E-isomers, which hampers their applicability as they are active by default and can
only be deactivated by photoexcitation.36> A possible solution to this are diazocines
(cyclic/bridged azobenzenes) as their Z-isomer is the thermodynamically more stable
isomer.318:366-368 Thus, the diazocine-substituted drug is inactive in dark but can be
activated by Z-to-E isomerization.?? Whether triplet excited diazocines undergo Z-
to-I£ isomerization has not been studied yet. However, if their sensitized behavior
resembles that of conventional azobenzenes, photosensitized near infrared

photoswitching of diazocines could have potential for zz vivo photopharmacology.

49



5 CONCLUSIONS

In this thesis we have studied TET, first as a physical phenomenon on its own and
then as an integral part of TFUC and sensitized photoswitching. The overarching
method in these studies has been primary elucidation of the photosensitizer and
acceptor properties followed by investigation of how these properties and their
interaction affect the operating conditions and performance of these systems.

In Publication I we studied the effect of the photosensitizer triplet lifetime on the
acceptor concentrations required for efficient TFUC. Long triplet lifetime enables
high quantum yield of upconversion with lower acceptor concentrations, which is
paramount in media, like polymeric and nanoscale materials, that restrict the dye
concentrations due to for example limited solubility. Overly high dye concentrations
are deleterious for TFUC performance also in general as they can induce additional
loss channels like excimer formation and reverse energy transfer to the process.

In addition to high quantum yields, low power density thresholds are key feature
of efficient TFUC systems. In Publication 11 we examined the collective influence
of photosensitizer and acceptor triplet lifetimes, triplet energies and concentrations
on the power density threshold. Due to the large number of variables, this was
mostly achieved through kinetic rate modelling and corroborating the modelling
results and trends with experimental determination of TFUC performance. Notably,
these findings indicated that endothermic triplet energy transfer need not to lead to
the demise of a TFUC if the system is designed judiciously.

Encouraged by this, we proceeded in Publication III to formulate TFUC systems
with two photosensitizers exhibiting extraordinary molar extinction coefficients and
long triplet lifetimes. The ultrahigh molar extinction coefficients enabled high
acceptor/photosensitizer ratios as harvesting of excitation was effective even with
micromolar photosensitizer concentrations. Combined with the long triplet
lifetimes, reverse triplet energy transfer was suppressed even for the substantially
endothermic photosensitizer/acceptor pair due to the large positive entropy change
involved in the triplet energy transfer process. As a result, the exothermic and
endothermic photosensitizer/acceptor pairs exhibited remarkably comparable
TFUC performance. These findings also brought forward the idea that engaging in
endothermic triplet energy transfer is a viable method for improving the
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upconversion energy shift, the third figure of merit of photon upconversion systems,
as it enables the utilization of photosensitizers with red-shifted absorption.

In Publications I-III we have mostly focused on the properties of the
photosensitizers and for example in Publication III we elaborated on how these
properties can be leveraged in efficient endothermic triplet energy transfer. What are
then the acceptor properties that can be harnessed to push the limits of endothermic
triplet energy transfer? To answer this, we widened the scope from photon
upconversion to another photosensitizable process, photoswitching. Especially
azobenzenes offer an appealing target for triplet sensitization as their triplet lifetime
is ultrashort leading to negligible probability of reverse triplet energy transfer. This
opportunity was capitalized in Publication IV that demonstrated endothermic triplet
energy transfer as a potent approach for expanding the azobenzene
photoisomerization wavelengths into the near infrared without altering the
properties of the photoswitch itself and thus retaining its capabilities like bistability.

Opverall, the objectives of this thesis have been to provide the reader with a broad
context of triplet energy transfer and guidelines for controlling and implementing it
in photon upconversion and photoswitching. The results presented here
demonstrate means for approaching the thermodynamic limits of triplet energy
transfer and highlight the potential of achieving these limits for photon
upconversion and photoswitching. Fully realizing the potential triplet energy transfer
will help implementing photon upconversion and sensitized photoswitching systems
into practical applications ranging from solar energy to cancer therapies.

Thus, demonstrating these systems in a cuvette is not enough and realizing these
outcomes onto rooftops and into clinics will require more than photochemists sitting
in the lab and playing with their “toys” as the problems they envision to solve are
not only formidable but truly multidisciplinary. Therefore, it is exciting to see photon
upconversion systems increasingly applied to new fields of science and technology.
Perhaps sensitized near infrared photoswitching will also find its uses. One thing is
for sure, the potential of triplet states has barely been scratched and the
photochemists too will have their hands full.
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A green-to-blue triplet—triplet annihilation upconversion of 24.5%
quantum yield was achieved at a remarkably low 600 pM annihilator
concentration in a viscous polymer matrix. This was made possible
by utilizing a ZnTPP-based photosensitizer with exceptionally long
11 ms phosphorescence lifetime. Higher 3 mM annihilator concen-
tration resulted in lower 24% upconversion quantum yield.

Discovered by Parker and Hatchard in the 1960s,"™ triplet-triplet
annihilation-based photon upconversion (TTAUC) experiences a
resurrection nowadays, as it is able to convert low-energy photons
into high-energy ones under non-coherent, low-power excitation
light.* Thus, the principle can be employed in numerous
imperative applications including TTAUC-employed solar
cells,”” photocatalysis,® bio-imaging®'® and phototriggered
drug delivery systems.""*

To initialize TTAUC, a photo-excited sensitizer (S) molecule
in its triplet state undergoes triplet-triplet energy transfer
(TTET) to another molecule, called an annihilator (A). Eventually,
two annihilator triplets collide with each other to generate one
singlet and one ground state via triplet-triplet annihilation (TTA).
Consequently, the annihilator singlet state emits the photon of
higher energy (lower wavelength) than the one absorbed by a
sensitizer, thus generating delayed upconverted fluorescence.'™
Thus the TTAUC efficiency depends on four parameters: inter-
system crossing efficiency of a sensitizer (@isc), TTET and TTA
efficiencies (Prrer and Prr,), and quantum yield of annihilator
fluorescence (®4) and can be expressed as follows:

Pyc = Prsc X Prrer X Prra X (Dﬁ (1)

Up to now most commonly used TTAUC sensitizers are noble
metal porphyrins, such as Pt(i) and Pd(n) complexes because of
their high intersystem crossing efficiency (&sc > 0.99).%'>'¢
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However, a vast majority of those sensitizers have rather short-
living triplet states (up to several hundreds of microseconds),
which is detrimental for the initial triplet-triplet energy transfer of
TTAUC. Moreover, the rate of the triplet-triplet energy transfer
is diffusion-limited and thus viscosity-dependent, which makes
it a “bottleneck” for the whole TTAUC in polymeric matrices.
A higher concentration of the annihilator makes the TTET
process more efficient, but on the other hand results in
undesired aggregates and excimer formation.'””'® This results
in a decrease in TTAUC efficacy. Moreover, for soft matter
systems high annihilator concentration is extremely challenging
or unfeasible.""*'9"2* Thus, it is of paramount importance to
find sensitizers with a long living triplet state and high ®;5c to
overcome the problems mentioned above.>***

Herein we used a zinc tetraphenylporphyrin derivative, namely,
the zinc complex of 2-{3{10,15,20-tris(3,5-di-tert-butylphenyl)-
porphyrin-5-ylJphenoxy}jethanol (ZnTPPOH), which takes advantage
of the properties of ZNTPP (¥5c ~ 0.83-0.88>° and 1 & 4 ms),”
whilst the tert-butyl substituents prevent aggregation.>®° It is
noteworthy that despite the promising properties of the ZnTPP
molecule for TTAUC, quantitative data on ZnTPP-sensitized
upconversion remain scarce.’*> However, there are a few
studies on other Zn-containing porphyrins such as ZnTPTBP*
and ZnOEP.***

In contrast to ZnTPPOH, the Pt(un) complex of the same
porphyrin (PtTPPOH) with ®15c &~ 1 was also utilized as a
sensitizer.’® The use of PtTPPOH is rationalized here as a
control molecule with a very similar structure to ZnTPPOH,
but with shorter lifetime. In this way, it is possible to evaluate
the effect of triplet state lifetimes on the efficiency of TTAUC.
2,5,8,11-Tetra-tert-butylperylene (TTBPer) was chosen as the
annihilator because of perylene’s ability to generate the
singlet excited state with unity efficiency via TTA. Perylene
also has a low enough triplet energy level for efficient TTET.?”
PtTPPOH and ZnTPPOH were prepared by a previously described
method®® and comprehensively characterized (see the ESIY),
while TTBPer was purchased from a commercial source
(Scheme 1).
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Scheme 1 Molecular structures of PtTPPOH, ZnTPPOH and TTBPer.

Although most studies focus on performing the TTA experi-
ments in organic solvents,®** the sensitizer/annihilator pairs
should actually be incorporated in a polymer matrix to anticipate
their potential utilization in real applications. In the current
study, we introduced our molecules into a poly(ethylene glycol)
200 matrix doped with 30 mM oleic acid (PEG-OA) to simulate
e.g. soft matter/polymeric device conditions. PEG-OA has been
proposed by Castellano and co-workers*’ as a promising medium
for TTAUC-based devices due to the low solubility of O, in PEG
and the prominent oxygen scavenging properties of OA that are
both essential for reducing losses associated with oxygen quench-
ing of the triplet state.***®

Fig. 1 depicts the absorption and luminescence spectra of all
three molecules in a degassed PEG-OA matrix. It is noteworthy
that in parallel to phosphorescence at 796 nm, ZnTPPOH
exhibits pronounced fluorescence (Amax = 660 nm) as a result
of non-unity intersystem crossing efficacy of the ZnTPP moiety.>®

Phosphorescence lifetime measurements of the porphyrins
in degassed PEG-OA were conducted, followed by quenching
experiments with TTBPer. Consequently, Stern-Volmer constants
(Ksv) and TTET rates (Krrgr) were estimated (Fig. 2; eqn (S1) in the
ESIt). The intact phosphorescence lifetime of ZnTPPOH shows a
dramatic difference of more than 2 orders of magnitude with
respect to P'TTPOH. Due to the ultralong 11.0 ms triplet lifetime,
the Stern-Volmer constant for ZnTPPOH is about 74 times larger
than that for PLTPPOH (2.2 x 10° M~ " vs. 2980 M "). However,
Krprgr is smaller for ZnTPPOH than for PtTPPOH (2 x 107 vs.
5 x 107 M~' s7") which can be explained by the smaller triplet
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Fig.1 (a) Normalized absorption and (b) phosphorescence spectra of

PtTPPOH (green), ZnTPPOH (red), and TTBPer (blue) in optically dilute
(OD =~ 0.1) PEG-OA solutions. The dashed red line in (b) is the fluores-
cence spectrum of ZnTPPOH.
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Fig. 2 Time-resolved phosphorescence decays of PtTPPOH (a) and
ZnTPPOH (b) excited at 510 nm and 560 nm, respectively, with a Xe pF
flash lamp at different TTBPer concentrations. Insets: Corresponding
Stern—Volmer plots for the set of concentrations used, where 74 and 1,
are the sensitizer triplet lifetime in the absence and presence of particular
annihilator concentration.

energy gap for the ZnTPPOH/TTBPper pair with respect to
PtTPPOH/TTBPer.*

Based on the phosphorescence lifetime experiments, a
TTBPer concentration of 3 mM was chosen for further studies.
At this concentration, more than 90% TTET efficiency (Prrer)
was obtained for both sensitizers. All the solutions were adjusted
to have optical densities of 1.0 at the excitation wavelength to
utilize 90% of the laser power density. This corresponds to the
PtTPPOH and ZnTPPOH concentrations of 100 uM and 294 pM,
respectively, according to the molecular extinction coefficients (&)
of PtTPPOH (10* M ™" ecm™ ') and ZnTPPOH (3.4 x 10°M 'cem ™)
at 532 nm.

To our delight, selective excitation of porphyrins at 532 nm
by using a second-harmonic Nd:YAG laser in the presence
of TTBPer gave rise to an anti-Stokes blue emission at 460 nm
(see the ESIt). The intensity of the upconverted light was measured
as a function of laser power density resulting in quadratic-to-linear
power dependence (Fig. 3), which corresponds to the annihilation

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Double logarithmic plot of the upconverted emission for PtTPPOH/
TTBPer (squares) and ZnTPPOH/TTBPer (circles) as a function of power
density.

nature of the blue fluorescence. At low power densities (slope = 2)
non-radiative triplet decay contributes more to the kinetics of the
process. Above the power threshold point (Iy,) TTA starts to dom-
inate, approaching a maximum for UC fluorescence (slope = 1).*°
The @yc values of 29% and 24% for PtTPPOH/TTBPer and
ZnTPPOH/TTBPer pairs, respectively, were calculated from the data.
The difference in values is related to the difference in @y for the
corresponding porphyrins.®*

As the Stern-Volmer constant for ZnTPPOH was so high, we
were encouraged to investigate the effect of annihilator concen-
tration on UC intensity at constant sensitizer concentration and
high power density (3300 mW cm™2). The triplet-triplet energy
transfer efficiency (®rrgr) reached 91% already at 50 pM
concentration of the annihilator, and this process has almost
no effect on TTAUC efficiency (®yc) at higher TTBPer concen-
trations. At low annihilator concentrations (below 0.1 mM), the
observed quadratic dependence of UC intensity, and thus @y,
indicates the prevalence of unimolecular and pseudo-first-
order annihilator triplet deactivation pathways. However, this
is not the case for annihilator concentrations higher than
100 pM. Linear dependence means that TTA is already a
dominant mechanism of TTBPer triplet degeneration in the
system. A further increase in the annihilator concentration
resulted in a plateau thus @11, and consequently whole TTAUC
(®yc) reached their maximum (eqn (1)). In essence, 600 uM and
1.5 mM of TTBPer were enough to obtain ®yc of 24.5% and
26.4%, respectively (Fig. 4a).

It is worth mentioning that a higher TTBPer concentration
(3 mM) resulted in lower ®@y¢ (24%). This can be attributed to
the fact that higher TTBPer concentration leads to a higher
probability of excimer formation. Thus, the quantum yield of
monomeric annihilator fluorescence (¥f) decreases resulting
in lower ®yc.*”

Consequently, the TTAUC sensitization properties of
ZnTPPOH have been compared with those of PtTPPOH. Since
53, values of ZnTPPOH and PtTPPOH are substantially different
resulting in prominent concentration inequality at identical
optical density the annihilator/sensitizer ratio (An/Sen) has been
employed to compare the obtained results. Fig. 4b clearly

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) A plot of the TTAUC quantum yield with respect to the molar
concentration of TTBPer used upon excitation of ZnNTPPOH at 532 nm;
(b) dependence of @ with respect to the An/Sen ratio upon excitation of
ZnTPPOH (circles) and PtTPPOH (squares) at 532 nm.

demonstrates the benefits of ZnTPPOH utilization for TTAUC
in the An/Sen range i.e. from 0.5 to 3. Indeed, when PtTPPOH was
able to generate only 4.4% ®yc ZnTPPOH has already sensitized
TTAUC with more than 16.5% quantum yield.

In summary, we report a ZnTPP-based photosensitizer pos-
sessing to our knowledge the longest triplet lifetime (11 ms)
among the sensitizers used for TTAUC together with a high ®;5¢
of 0.75. In the case of ZnTPPOH, this allows us to perform TTET
in a more efficient manner by using a lower amount of the
annihilator in comparison with widely used expensive Pt(u)
porphyrins. As a result, TTAUC with 24.5% &yc has been
obtained by using only 600 uM of TTBPer even in a viscous
polymer matrix. This is in striking contrast to 3 mM annihilator
concentration needed for PtTPPOH-sensitized photon upcon-
version with 29% TTAUC efficiency.

This demonstrates that looking for molecules with long-
living triplet lifetimes and high @;5c would be extremely
important whenever efficient TTAUC is needed, especially in
viscous media. Moreover, we stress that overly high annihilator
concentrations are deleterious for TTAUC. Our results clearly
prove that at lower TTBPer concentrations @y is higher to
some extent. This finding can be useful in a variety of

Chem. Commun., 2018, 54, 14029-14032 | 14031
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applications, such as sensors, photocatalysis, photovoltaics, and
phototriggered drug delivery systems, where the high loading of
the molecules is difficult, but a high @y value is still desired.
This work was supported by The Academy of Finland (grant
number 316893), fellowship programme of the Centre for
International Mobility, (CIMO, decision TM-16-10063, Finland).
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ABSTRACT: Triplet—triplet annihilation upconversion (TTAUC) is a
power density-dependent process where photons of low energy are
transformed into high energy ones. The most important attributes of
efficient TTAUC are quantum yield ®@ppayc, power density threshold Iy,
(photon flux at which 50% of ®pryc is achieved), and the upconversion
shift of emitted photons (anti-Stokes shift). To date, approaches to balance
these parameters have remained unclear. Herein, the cumulative effect of
sensitizer triplet lifetime (7,%), sensitizer-annihilator triplet energy gap (AEy),
and the total concentration of the sensitizer on the power density threshold
at high TTAUC quantum yields is evaluated experimentally using Pt, Pd, and
Zn tetraphenylporphyrin derivatives and a tetra-tert-butylperylene annihila-
tor, and by kinetic rate modeling. The results suggest that a large energy gap
(AE; > 4 kyT) and long sensitizer triplet lifetime make the triplet—triplet
energy transfer (TTET) extremely efficient and allow the utilization of high
sensitizer concentrations for low I. However, for large upconversion shifts,
the triplet energy gap should be as small as possible. Smaller energy gap
values result in slower forward TTET and faster reverse TTET, which

“AE =4 kT “AE, = 1k,T
i "
du wd,

E, =-0.8kT
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100
10% S
LA

s
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together with high total sensitizer concentration can lead to a quenching of annihilator’s triplet state and therefore elevate the
Iy In this regard, low concentration of a sensitizer is beneficial, making sensitizers with high molar extinction coeflicients
preferential. Sensitizers with a long living triplet state and a high molar extinction coefficient can work efficiently and have low
Iy at 0 kgT or even negative AEr. Kinetic rate modeling further helps to optimize the parameters for best possible TTAUC
performance. Thus, the findings of the study pave the way for the design of TTAUC systems with superior performance, such as
high ®ppayc at low excitation power densities with large anti-Stokes shift, for, for example, solar-driven photovoltaics,

photocatalysis, bioimaging, and safe light-triggered drug-delivery systems.

B INTRODUCTION

where f is the statistical probability to obtain a singlet excited

Photon upconversion based on triplet—triplet annihilation
represents an attractive approach to turn the photons of higher
wavelengths into lower ones by using noncoherent excitation
sources." ™ Nowadays, the method draws a lot of attention
because of its broad applicability, spanning from organic
electronics to bionanotechnology.*™® The process relies on an
interplay between two pairs of photoactive molecules, namely a
sensitizer and an annihilator. After the photoexcitation of a
sensitizer with photons of low energy, through the processes of
triplet—triplet energy transfer (TTET) and triplet—triplet
annihilation (TTA), the two annihilator triplet state molecules
collide to generate one annihilator singlet state of high energy,
which emits the upconverted photon (Scheme 1).” Altogether,
the TTAUC quantum yield (®ppayc) is a product of five
parameters:

1 A
Drraue = 3 X fX @rgc X Ppppr X Pppy X Py

)

v ACS Publications © 2019 American Chemical Society

state after TTA, @y is the intersystem crossing efficiency of a
sensitizer, ®pppr and @y are TTET and TTA efficiencies,
and @, is the fluorescence quantum yield of an annihilator.
As is clear from Scheme 1, the TTA efficiency (®rpy) relies
on the concentration of the generated annihilator triplet state,
which makes TTAUC quantum yield (®rr,yc) dependent on
the power density of the excitation source.'””"> Recently, the
power density threshold (I), that is, the power density value
at which @, and therefore @payc equals to 50% of its
maximum for the system under study, has been proposed as a
TTAUC figure-of-merit."* "> Together with ®rrayc, Ly value
is one of the crucial criteria for the selection of TTAUC
sensitizer/annihilator pairs. Indeed, TTAUC systems with high
@prayc that can be obtained at low excitation power densities
are of paramount importance, for example, for the next
generation of organic electronics and prospective biomedical

Received: August 22, 2019
Published: August 26, 2019

DOI: 10.1021/acs.jpcc.9b08026
J. Phys. Chem. C 2019, 123, 22865—22872



The Journal of Physical Chemistry C

Scheme 1. Jablonski Diagram of the Triplet—Triplet
Annihilation Upconversion Process”

ENERGY

“Where Sg and S, are first and n (either first or second) sensitizer
singlet states, Ag is annihilator singlet state, ISC and RISC are
intersystem crossing and reverse intersystem crossing processes, St is
sensitizer triplet state, STTA and ATTA are sensitizer and annihilator
triplet—triplet annihilation, and RTTET and FTTET are forward and
reverse triplet—triplet energy transfers.

applications. While the way to control ®@ppayc seems to be
straightforward, the methods to fine-tune the excitation power
density threshold remain limited.'*™"® This lack of proper
methodology strongly hampers the development of TTAUC-
based photon management approach toward high performance
devices, for example, solar cells.*

'II;he expression for I value was proposed by Monguzzi et
al:

(k)
kpry X a(e) X Oprgr ()

where kp = 1/74" and represents the rate constant of all
annihilator unimolecular and pseudo-first-order processes such
as phosphorescence and quenching with, for example, oxygen
(7" is phosphorescence lifetime of an annihilator), a(e) is a
sensitizer absorption coeflicient, and k-, is second-order TTA
rate constant.

On the basis of eq 2, one can easily modulate Iy, values by
using long-living annihilators. However, only a few annihilators
have both high fluorescence quantum yield (®,") and high
singlet state formation probability via TTA (parameter f in eq
1) that are critical for high @y values.” ™ ?

In this respect, the sensitizer choice allows a higher degree of
freedom. Up to now, a large variety of sensitizers has been used
for TTAUC studies starting from heavy-atom-free molecules
toward metalated porphyrinoids and even semiconductor
nanocrystals.”®~>* Therefore, we are striving to understand
the pathways toward efficient TTAUC in terms of power
density threshold through the prism of sensitizer properties.

Ith -

B RESULTS AND DISCUSSION

Sensitizers and Annihilators under Study. A set of
metal complexes of 2-{3-[10,15,20-tris(3,5-ditert-butylphenyl)-
porphyrin-S-ylJphenoxy}ethanol with Pt, Pd or Zn (ie,
PtTPPOH, PAdTPPOH, ZnTPPOH) was used as sensitizers
(Scheme 2). The substances possess drastically different
physicochemical characteristics such as triplet lifetime (z,%),
triplet energy level (E1%), ®4c, and molar extinction coefficient
at excitation wavelength of 532 nm (gs3,). The last one is
responsible for the different sensitizer concentrations [S,] for
ensuring identical absorption coefficient a(¢) and laser power
utilization for all three sensitizers."*' Therefore, the choice of
porphyrins allowed us to follow the effect of sensitizer triplet

Scheme 2. Molecular Structures of PtTPPOH, PATPPOH,
and ZnTPPOH and TBPer”

TBPer (A)

ZnTPPOH (S)

“S is sensitizer, and A is annihilator.

lifetimes and energy levels and molar extinction coefficient
together with total concentration of the sensitizer on Iy, and
Drrauc:

2,5,8,11-Tetra-tert-butylperylene (TBPer) was selected as
the annihilator because of perylene’s long triplet lifetime, high
fluorescence quantum yield, and moderately high triplet state
energy (4 ms, 96%, and ~1.54 eV, respectively). Moreover, the
singlet state formation probability via TTA (parameter f) for
perylene is approaching unity, while the tert-butyl substituents
prevent an ag7gregation making TBPer one of the first-in-class
annihilators.'

Degassed poly(ethylene glycol)-200 matrix with 30 mM
oleic acid (PEG-OA) was employed as the media for
experiments. The degassed PEG protects the sensitizer/
annihilator system from back oxygen diffusion and allows a
moderate degree of mobility for triplet—triplet interactions
(TTET and TTA), while OA represents a powerful scavenger
for the residual trace oxygen.'>”

TTET and TTA Photophysics. To prove the ability of the
sensitizers under study to serve as triplet energy donors, time-
resolved phosphorescence quenching experiments with TBPer
were performed. Efficient TTET occurred and Stern—Volmer
constants (Kgy) and forward TTET rates (kgprpr) were
calculated (see ESI). Kgy values were in agreement with the
triplet lifetimes of the sensitizers. Short living PtTPPOH
showed a Stern—Volmer constant of ~3 X 10> M}, while the
longer living sensitizers PATPPOH and ZnTPPOH revealed
higher values of 100 X 10® and 220 X 10* M, respectively.
On the other hand, PtTPPOH and PATPPOH demonstrated
higher forward kgprgy rate constants than did ZnTPPOH (S X
107 and 6.4 X 10’ M~' s7! vs 2.2 X 10" M~ s7'). This fact can
be explained in terms of triplet energy gap values for the
sensitizer/annihilator pairs (AEy) (Figure 1). Indeed, forward
and reverse TTET rate constants (kpprgr and kpprer) are
dependent on the energy gap value through Boltzmann
equation:%

kerrer = K :

FTTET = Kp X 14 (CAE/RT)

(3)

DOI: 10.1021/acs.jpcc.9b08026
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Figure 1. Normalized phosphorescence spectra of PtTPPOH (red),
PdTPPOH (blue), and ZnTPPOH (black) in optically dilute (ODs3,
~ 0.1) PEG-OA solutions upon excitation at 509, 515, and $60 nm,
respectively.

(=AEy/kyT) @
where AE; is sensitizer/annihilator triplet energy gap, kg is
Boltzmann constant, T is the absolute temperature, and ky, is
the diffusion constant of a medium. Therefore, higher energy
gap makes the forward (FTTET) step enthalpy-driven and
diffusion-controlled, hence facilitating the population of
annihilator triplet state.

Power density dependences of upconverted light were
measured for every sensitizer/annihilator pair. Nd:YAG
continuous wave laser emitting at 532 nm was employed to
selectively excite the porphyrins. Concentrations of the
sensitizers were adjusted to have OD = 1 at the excitation
wavelength to utilize 90% of input power density. The
annihilator TBPer was used at a fixed 3 mM concentration
to obtain at least 90% ®pgy for all TTAUC pairs. Quantum
yields of TTAUC for all of the pairs were calculated by using
Rhodamine 6G in ethanol as a reference.”® Figure 2a clearly
shows the strong and weak annihilation regimes, which is an
integral feature of TTAUC process described by the
equations:1 !

_ kTTA[A;:]

J;
B k, + krralA7] (5)

kprrer/kerrer = €

forn — 1
Dppy =1 - e In(1 _fTTA)
TTA (6)

where frr, is the fraction of triplets decaying via TTA
deactivation pathway.

It also should be noted that by solving eqs 5 and 6 in terms
of power density (which affects the [A*] parameter), one can
find the value at which the yield of triplet—triplet annihilation
®py reaches 0.5 of its maximum (see ESI) resulting in the
refinement of eq 2:

(k)
kppa X a(e) X Oprgr (7)

Moreover, if we describe the system with @1, close to its
maximum (0.9), the scaling coefficient in eq 7 rises from 2.513
to as high as 36. These values were used to validate the data
presented on Figure 2b. The estimated 50% and 90% threshold

Iy = 2513

(a)

slope =1

Uncorrected UC Intensity (Logq ), counts
- L
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Figure 2. Plot of (a) upconverted fluorescence intensity and (b)
normalized ®rrayc dependence as a function of the applied power
density for 52 uM PdTPPOH/TBPer (red circles); 100 uM
PtTPPOH/TBPer (black squares); 294 uM ZnTPPOH/TBPer
(magenta diamonds).

values from eq 7 agreed with the experimental results. It is
good to remember that as both k, and kpr, are intrinsic
annihilator properties, there is no need to consider these when
comparing power thresholds for different sensitizers with slow
krrer (large AEr).

The upconversion yields and power density thresholds are
collected in Table 1. The @ prayc values of 29%, 31%, and 24%
for PtTPPOH, PATPPOH, and ZnTPPOH, respectively, are in
good agreement with @3- and Dpppp efficiencies for these
porphyrins. It is noteworthy that the obtained power density
thresholds for the three porphyrin/annihilator pairs were
obviously different (Figure 2, Table 1), which is not evident
from eq 7. According to eq 7, the pair with lowest ®rrpy
should have had the highest I;. In striking contrast, the pair
with the longest living triplet state sensitizer and more than
0.99 ®rpgr, namely ZnTPPOH/TBPer, shows the highest Iy,
value (258 mW/cm?), while PtTPPOH and PdTPPOH
sensitized upconversion systems revealed lower power density
threshold values, that is, 168 and 50 mW/cm” According to
the equations, there should have been only a slight difference
in Iy, for all of the sensitizer/annihilator pairs since ®ppp are
close for all pairs studied."

One of the reasons for this discrepancy is the large difference
in the sensitizer concentrations [S,] because of different £33, of
the porphyrins used in our study. Recently, Schmidt et al. have
stressed that a too high sensitizer concentration can be
detrimental for the upconversion efficiency regardless of
improved power density utilization. At constant power density,
the @14 dependence on the sensitizer concentration appeared
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Table 1. Characteristics of 2,5,8,11-Tetra-tert-butylperylene TTAUC Sensitized by Different Porphyrins

sensitizer D ‘ros, ms €53 M em™! [So), uM ETS, eV AEp eV (kT)  kprren Mt CI)TTETb Drrauc, %Y Iy, mW/| cm??
PtTPPOH 1 0.061 10* 100 1.84 03 (11.67) 5% 107 09 29 168
PATPPOH 1 075 1.9 x 10* 52 1.76 022 (8.56) 6.4 % 107 0993 31 50
ZnTPPOH 0.75 11.0 3.4 % 10° 294 1.56 0.02 (0.78) 2.2 x 107 0.9986 24 260

“Triplet energy level of 1.54 eV was utilized for TBPer to calculate the triplet energy gap. 3 mM TBPer concentration was used to obtain the data.
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Figure 3. Photon rate thresholds (Kypoton () simulated over several orders of magnitude of 7,° and AE and with (a) [A¢] = 0.5 mM, (b) [4,] =3
mM, (c) [4,] = 30 mM while maintaining a constant sensitizer concentration of [Sy] = 100 M.

to be parabolic.”” On the basis of that observation, one may
expect that ®pp, maximum for the systems with excessive
sensitizer concentration will be reached at higher I, values,*®
as follows from the eqs 5, 6, and 7101227

In addition, triplet energy gap (AEr) is not identical for the
porphyrin/TBPer pairs, resulting in different FTTET and
RTTET rate constants (eqs 3 and 4). Together with an excess
of sensitizer [S,], the fast reverse energy transfer can lower the
annihilator triplet state concentration, thus suppressing the
annihilator TTA process. In good agreement with this, for the
ZnTPPOH/TBPer pair, which had the highest sensitizer
concentration and smallest triplet energy gap, the I value is
highest in the set. It is therefore clear that reverse TTET must
be considered and more detailed description for the I is
needed than the one given by eq 7. Especially considering that
low AEy could lead to higher upconversion shifts, which is one
of the most desirable properties for TTAUC.

Kinetic Rate Modeling. To shed light on the obtained
parameters, we have performed full TTAUC kinetic rate
modeling taking into account the processes depicted on the
Scheme 1 while varying the sensitizer properties (for details see
ESI, page 14). Herein, we have utilized the approach proposed
by Schmidt et al,' taking also into account reverse TTET rate
constant and sensitizer concentration [S,]. Equilibrium
conditions have been applied to solve the set of equations:

dsy ds; .
d_: = _d_tl = kphoton[so]q)ISC - knr[s"["]

— kerrerlSTIAG] + krrrerlAT1S,]

- kTTA(Z[S’I‘*]Z + [S;{][Ai*:]) =0 (8)
day dA¥
d—t3 = _d—tl = kerrerlSTI[A,] — kP[A%k]

= kyrrerlAT1ISo] — kppa(TATT + [ST1[AF]) = 0

)

22868

Frnal AT s
fl
Kyhotonl Sol (10)

Drrauc =2
where k,, = 1/7,% is the sensitizer’s triplet first-order decay
constant, [S,] = total annihilator concentration, [S*;] =
sensitizer triplet state concentration, [A,] = total annihilator
concentration, [A*¢] = annihilator singlet state concentration,
[A*1] = annihilator triplet state concentration, Kppoton = ¢ X €’
is the photon absorption rate (in s™") in which ¢ is photon flux
(in moles of photons dm™ s™') and ¢ =In 10 X ¢ (in M~
dm™).

For the modeling, the excitation light power was expressed
in photon absorption rate (in s™'). The photon absorption rate
was recalculated into power density (mW/cm?) or vice versa to
compare the results of the modeling with the experimental
data. TBPer triplet decay rate constant (k,) of 250 s™' was
utilized based on the literature data,”” diffusion constant = § X
107 57!, @ = 1, and the triplet—triplet annihilation rate
constant (kpry) of 2.5 X 107 s7! (0.5 X kp) was employed for
TTAUC simulations. Maximum ®pyc value of 32% was set
to make calculations consistent with performed spectroscopy
experiments. Further, photon rate threshold (kphown(th)) was
calculated as a photon absorption rate resulting in 16%
upconversion quantum yield, that is, 50% of ®prayc
maximum.

Effect of Sensitizer Lifetime and S/A Triplet Energy
Gap on TTAUC Photon Rate Threshold. First, the additive
effect of sensitizer triplet lifetime (z,°) and S/A triplet energy
gap (AEr) were examined to address the issue of photon
absorption rate threshold. Sensitizer lifetime was varied from
50 ps to 20 ms and AEr values from 12 to 0 kzT (Figure 3).
Other parameters were kept constant.

In essence, sensitizers with triplet lifetimes shorter than 100
s limit the possibility to use the TTAUC pairs with small AE¢
(below 3 kyT) to achieve low kypoqon(s)- On the contrary, a long
triplet lifetime of the sensitizer (>S5 ms) is extremely beneficial
for TTAUC process regardless of AEy values in the simulated
conditions, that is, 3 mM TBPer concentration and [S,] = 100
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uM (Figure 3b). Notably, sensitizers with triplet lifetimes
longer than 1 ms allow an efficient TTET even with lower
amount of annihilator (e.g,, 500 M) while keeping Kohoton(eh)
values in the minimum (Figure 3a).

Low annihilator concentrations make TTAUC pairs more
sensitive to lower triplet energy gap values (below 2 kT, or
0.0514 V). At small AEr, the reverse TTET process is not
negligible. Excessive concentration of the sensitizer in the
ground state can react with the triplet state of the annihilator,
thus competing with annihilator’s TTA. At the same time, the
sensitizer triplet—triplet annihilation competes with the
forward TTET from sensitizer to the ground state annihilator
resulting in a lower concentration of annihilator triplet state
and high photon rate thresholds.***'

However, a great excess of the annihilator with respect to the
sensitizer, for example, from 3 to 30 mM, makes FTTET more
feasible even for the sensitizers with short living triplet states
and small AEr, hence suppressing RTTET and resulting in
lower kypoton(n) values (Figure 3b,c). On the other hand, high
[A,] leads to higher excimer state formation probability, which
decreases @, and makes TTAUC less efficient (eq 1).
Furthermore, solubility issues with high amounts of annihilator
may come into play, especially in polymers and nano-
carriers.””

It is further clear from Figure 3 that with high AE} values
(AE; > 4 kyT) and 7,° above 200 s, there are no additional
benefits from even longer sensitizer triplet lifetimes.

Effect of Sensitizer Concentration and Lifetime on
TTAUC Photon Rate Threshold. An increase in sensitizer
concentration [Sy] can improve the photon absorption rate
threshold (eq 7) while keeping @rr,yc as high as possible.
Indeed, a simultaneous increase in both [Sy] and 7,* should
result in a dramatic increase in the sensitizer triplet state
concentration. As a consequence, a decrease in Kjpoon(in) Values
can be achieved. Keeping this consideration in mind, the
response of TTAUC photon rate threshold to the changes in
7,5 and [S,] was simulated while keeping AEy fixed.

Figure 4a shows the dynamics of Kypoon(m) With respect to
sensitizer triplet lifetime and total sensitizer concentration at
AE} = 4 kgT. There is a slight improvement in photon rate

—
)
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=

-
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100 Y 100
" 100
10 3 10
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i
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Figure 4. TTAUC photon rate threshold value as a function of
sensitizer triplet state lifetime and sensitizer total concentration while
keeping [Ag] = 3 mM and (a) AEy = 4 kT, (b) AE; = 1 kgT, (c)
AEy =0, (d) AEp = —0.8 kyT.

threshold (= 7.5 vs § s™') upon changing the sensitizer triplet
lifetime from SO us to 20 ms at [S,] = 100 uM. However,
three-fold increase in [S,] results in substantial decrease of the
photon rate threshold for both 7,° values (~ 3.36 and 1.86 s7*).
This offers a way to further improve Kppoon(m)- The same
tendency occurs for simulations where AE; = 10 kgT and 7
ksT were used (ESI). Albeit, the change in photon rate
threshold with 7,° becomes negligible for all three AEy values
when the sensitizer lifetime exceeds 200 ys.

High triplet energy gaps AE} > 4 kgT considerably limit the
upconversion shift of emitted photons. Thus, a situation where
AEy is close to 0 kgT is of a special interest. Notably, in this
case, the reverse TTET effect may not be neglected a priori
and must be always taken into account together with the
sensitizer total concentration. Hence, a precise analysis of the
photon rate threshold behavior with respect to the variations in
the sensitizer triplet state lifetime and its total concentration
was performed at energy gaps of 1, 0, and —0.8 kzT (Figure
4b—d).

Our modeling revealed that the kjpoonen) dependence on
[So] and sensitizer lifetime is a parabolic surface with a distinct
minimum.”” The minimum Kshoton(th) Value depends strongly
on the sensitizer triplet lifetime resulting in lower photon rate
threshold for longer living sensitizers. This is particularly true
in the case of a large sensitizer concentration. The kphoton(th)
initially decreases as sensitizer concentration and triplet
lifetime increase due to generation of higher sensitizer triplet
state concentrations and hence increased annihilator triplet
state concentration through FTTET. However, after reaching a
minimum  for Kjporon(ny With respect to the sensitizer
concentration, a further increase in [Sy] affects the Kjpoton(in)
values negatively. Overly high sensitizer concentrations quench
the annihilator triplet states through reverse TTET process,
thus increasing the apparent k, rate constant, which is crucial
for low power density threshold (eq 7).

The effect of reverse TTET becomes more pronounced for
smaller triplet state energy gaps. For example, in the case of the
sensitizer with 100 ps triplet lifetime at AE; = 1 kT, the
photon rate threshold of 17 s™' was reached at 167 uM
sensitizer concentration. Meanwhile for AE; = 0 and AE; =
—0.8 kT, the minimum kyhoton (i) Value was 72 s™'and 295 57
at [Sy] of 41 uM and 13 uM, respectively. The Kypoton(m) Values
are higher and cannot be made smaller with larger sensitizer
concentrations. This is in striking contrast with the scenario
when a sensitizer with long living triplet state was simulated.
The photon rate threshold dramatically improved with respect
to the values obtained for short living sensitizers. Moreover,
long living sensitizers allowed the utilization of higher total
sensitizer concentration without a negative effect on the
photon rate threshold. It is important to emphasize that
sensitizers with long living triplet lifetimes and negative AE;
values can work even better than a short living sensitizer with
positive energy gaps. For long living sensitizers, the low photon
rate thresholds can be reached at low [S,] concentrations even
at negative triplet energy gaps. A precise analysis of the kinetic
parameters for the sensitizer/annihilator pairs with AE; close
to 0 kgT can be used to design functional and efficient TTAUC
systems.

Further, we analyzed and compared the results of our
simulations with our experimental data. First, we focused on
the sensitizer/annihilator pair with the most unexpected result,
namely ZnTPPOH/TBPer. Simulations performed at AE =1
ksT and AE} = 0 for a molecule with ZnTPPOH properties in
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the presence of 3 mM of the annihilator showed kyhoton(tn)
values of 2 s™' and 2.5 s7' that corresponded to 58 and 73
mW/cm?, respectively (Figure 4b,c). These values disagree
with the value of 260 mW/cm’ obtained for ZnTPPOH
experimentally. Even at AEr = —0.5 kT, the simulated I, for
ZnTPPOH is 112 mW/cm? (ESI). Only an energy gap of —0.8
ksT (—0.02 eV) gives good agreement between the modeling
and the experimental value. Taking this energy gap into
account together with the 1.56 eV ZnTPPOH triplet state
energy obtained from phosphorescence studies, TBPer triplet
state energy of >1.58 eV was elucidated in PEG-OA mixture.
This value is consistent with results of Northrop et al. and Hall
et al. where 1.57 eV triplet energy for perylene was
calculated.** 1t also proves that efficient TTAUC process
with high quantum yield is possible at negative AEr, even
though careful kinetic analysis is needed to ensure lowest Iy,
values by adjusting the concentrations.”*® By using 1.58 eV
TBPer triplet energy level, the energy gaps AEy for
PtTPPOH/TBPer and PATPPOH/TBPer were calculated to
be 10 kgT and 7 kT, respectively. The experimentally
determined porphyrin/TBPer energy gaps were used to
simulate the threshold Ij. The values of 70 mW/cm?, 56
mW/cm?, and 255 mW/cm?® were obtained for PtTPPOH,
PATPPOH, and ZnTPPOH, respectively, which are in
agreement with the experimental data (Table 1).

To prove the fact that reverse TTET is responsible for the
high Iy, value for ZnTPPOH/TBPer as predicted by our
modeling, we have performed the power density dependence
experiment with three-times lower ZnTPPOH concentration
(ODyg3, = 0.34) keeping 3 mM TBPer concentration. In the
absence of reverse TTET, one may expect a rise in I, value
due to much lower optical density at the excitation wavelength
and hence lower absorption coefficient a(¢) according to eq 7.
Remarkably, for lower ZnTPPOH concentration, we obtained
lower I, value (Figure S), which is already comparable with I,

1,04 @ ZnTPPOH ODg,,=1
® ZnTPPOH ODg,,=0.34

0,8

0,6 1 197 mW/cm?

0,44 260 mW/cm?

Normalized ®TTAUC

0,2

0,0

10 100 1000
Power Density (Log10), mWicm?

Figure S. Plot of normalized ®ryc dependence as a function of the
applied power density for 294 yM ZnTPPOH/3 mM TBPer
(magenta diamonds) and 100 M ZnTPPOH/3 mM TBPer (green
circles).

of PtTPPOH/TBPer pair with large AEr. This photon rate
threshold behavior of ZnTPPOH/TBper is in agreement with
the results obtained by using kinetic rate modeling (Figure 4c).

Indeed, high sensitizer triplet state concentration promotes
the population of annihilator triplet state through FTTET. On
the other hand, in the case of ZnTPPOH/TBPer pair, the
reverse TTET is enthalpy-driven, and hence, higher annihilator
triplet state concentration makes RTTET more favorable. This

leads to even faster consumption of annihilator triplets.’®
Consequently, the sensitizer triplet states recover and
annihilate with each other with no desired upconverted light
generation (Scheme 1)393 Altogether, this requires higher Iy,
values to reach high @,y yields.

B CONCLUSIONS

Triplet—triplet annihilation upconversion systems with large
anti-Stokes shift, high ®rrayc, and low power density
thresholds are highly desired. In excellent agreement with
previous studies, our results indicate that high energy gap
between a sensitizer and an annihilator triplet states (more
than 4 k3 T) makes forward TTET process enthalpy-driven and
diffusion-controlled. This combined with high @, long
triplet lifetime, and high molecular extinction coefficient of a
sensitizer at the excitation wavelength leads to high TTAUC
yields and extremely low I, values without any negative effects
of high sensitizer concentrations.

However, large anti-Stokes shift is almost impossible for
sensitizer/annihilator pairs with high AEr. Even though there
are sensitizers with thermally activated delayed fluorescence
and strong singlet-to-triplet absorption bands that could solve
this issue, their implementation in TTAUC is still limited due
to the reverse ISC process.”” > Thus, S/A pairs with low AEy
must be used to increase the upconversion shifts. In this case,
reverse TTET can be controlled via total sensitizer
concentration in the system. This is of vital importance for
systems utilizing low viscosity medium and annihilators with
long living triplet lifetimes, which are more sensitive to a
reverse TTET process (see ESI). Hence, preference should be
given to the sensitizers with higher molar extinction
coefficients and longer triplet lifetimes to neglect the effect
of reverse TTET on I;. Moreover, sensitizers with long living
triplet states are capable of performing efficient upconversion
even at negative triplet energy gaps. Finally, kinetic rate
modeling is a powerful tool in the optimization of power
density thresholds and upconversion quantum yields by
manipulating the concentrations of sensitizer and annihilator.
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ABSTRACT: Expanding the anti-Stokes shift for triplet—triplet annihilation upconver-
sion (TTA-UC) systems with high quantum yields without compromising power density
thresholds (I,) remains a critical challenge in photonics. Our studies reveal that such
expansion is possible by using a highly endothermic TTA-UC pair with an enthalpy
difference of +80 meV even in a polymer matrix 1000 times more viscous than toluene.
Carrying out efficient endothermic triplet—triplet energy transfer (TET) requires
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ENERGY ()
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suppression of the reverse annihilator-to-sensitizer TET, which was achieved by using

sensitizers with high molar extinction coefficients and long triplet state lifetimes as well as
optimized annihilator concentrations. Under these conditions, the sensitizer-to-
annihilator forward TET becomes effectively entropy driven, yielding upconversion
quantum yields comparable to those achieved with the exothermic TTA-UC pair but with
larger anti-Stokes shifts and even lower Iy, a previously unattained achievement.

riplet—triplet annihilation upconversion (TTA-UC), also

known as triplet fusion, is capable of upconverting low-
energy photons to higher-energy ones through a cascade of
photochemical processes (see Scheme 1): A sensitizer
molecule absorbs a low-energy photon and undergoes
intersystem crossing (ISC) to yield a triplet excited state.
This energy is transferred to an annihilator molecule via
triplet—triplet energy transfer (TET). Upon encountering each
other, two triplet state annihilators can yield one singlet excited
annihilator, which will subsequently emit a high-energy
photon. This complete process, from absorption to emission,
is known as TTA-UC.'~* TTA-UC is a promising approach to
boost many high-tech fields, for example, in enhancing the
efficiency of photovoltaics and photocatalysis, driving chemical
reactions and photoactuation, or improving the functions of
biomedical devices.> " These applications require efficient
upconversion systems, typically meaning a high quantum yield
(Dyc), a large anti-Stokes emission shift, and a low power
density threshold (photon flux at which S0% of @y is
achieved). The last one is of great importance because @y is
power density-dependent*"””> and many applications, such as
photovoltaics and biomedical systems, require low excitation
power densities.

Several approaches for maximizing the anti-Stokes shift or
upconversion energy shift (UES) have been suggested, for
example, employing molecules with a small singlet—triplet gap,
exciting the sensitizer directly to its excited triplet state, or
utilizing sensitizer/annihilator pairs with small or even negative
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triplet energy gaps, and even double TTA-UC.>*~** However,
the dilemma of simultaneous expansion of UES and
preservation of low power density thresholds and high @y
has not been resolved to date. Here, we show that the UES of a
TTA-UC system can be increased by decreasing the
exothermicity of the triplet energy gap between the sensitizer
and annihilator or even by utilizing considerably endothermic
sensitizer/annihilator pairs. At the same time, a high ®y and
low power density threshold are retained with careful
consideration of the photochemistry involved and design of
the experimental system to efficiently suppress the reverse
triplet—triplet energy transfer (RTET) from the annihilator
back to sensitizer. This is crucial because RTET is the
fundamental cause of low quantum yields in endothermic
systems.

For this work, two tetraarylphthalimidoporphyrins (Scheme
1), palladium(II) and zinc(Il) N-{2,6-di-
[ (3’ (methoxycarbonyl)propyloxy)phenyl] }phthalimido-por-
phyrin** (PATAPIP and ZnTAPIP, respectively) were used as
sensitizers and 9-(4-phenylethynyl)-10-phenylanthracene™
(PEAP, Scheme 1) as the annihilator for TTA-UC. Measure-
ments were performed in viscous solvents, poly(ethylene
glycol)-200 (PEG200) and poly(ethylene glycol)-300
(PEG300) with oleic acid (S0 mM) as the oxygen scavenger.
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Scheme 1. (Left) Structures of the Sensitizers (ZnTAPIP and PdTAPIP) and the Annihilator (PEAP) Used in This Study;

(Right) Jablonski Diagram of TTA-UC”
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“The sensitizer undergoes excitation to a singlet state, followed by ISC to yield an excited triplet state. This energy is then transferred to the
annihilator (forward triplet—triplet energy transfer, FTET). Two triplet state annihilators can undergo annihilation, after which an upconverted
photon is emitted. The energy difference between the absorbed (red arrow) and emitted (blue arrow) photon is the UES. The relative sensitizer
and annihilator triplet energies strongly influence the rates of FTET and RTET.

Liquid PEGs containing oxygen scavengers are versatile and
robust matrixes for TTA-UC studies®® and were used here to
emulate the viscosity conditions of soft matter devices, such as
polymer micelles or elastomer matrixes. The viscosity of
PEG200 at room temperature is 54 cP, and in order to increase
the viscosity range, PEG300 was used at —5 °C to yield a
viscosity of 520 cP.

As previously reported, the requirements for effective
sensitizers are high extinction coefficients, efficient ISC, and
long triplet state lifetimes.”*”*® Thus, both TAPIPs are very
attractive thanks to their outstanding Q-band molar extinction
coefficients (¢) and long triplet state lifetimes (z,), which are
given in Table 1. The absorption spectra of both TAPIPs are

Table 1. Photophysical Properties of the Sensitizers

Ty in Ty in
Q-band € PEG200  PEG300  Ep
sensitizer ~ max (nm) (M~ em™) (ms) (ms) (eV)
PATAPIP 630 263 500 0.439 0.488 1.61
ZnTAPIP 659 198 500 10.3 17.4 1.53

shown in Figure 1. The large Q-band € and quite small
singlet—triplet energy gaps, 0.36 and 0.35 eV for Pd and
ZnTAPIP, respectively, are results of the z-extension of the
porphyrin macrocycles.’*® The 1SC efficiency (®rgc) of
PATAPIP is about unity.”* On the basis of ZnTAPIP’s
fluorescence quantum yield (10% in dimethylacetamide® and
9% in PEG200), the upper limit of ZnTAPIP’s @y is 90%,
which is in line with the reported values for other Zn
porphyrins.”' ™ The total concentrations of the sensitizers
were chosen so that at the excitation wavelengths (633 nm for
PATAPIP and 660 nm for ZnTAPIP) the optical density in a 1
cm cuvette was 1 in PEG200 and 2 in PEG300. For PATAPIP,
this meant concentrations 4.2 and 8.4 uM and for ZnTAPIP
S.1 and 10.2 yM in PEG200 and PEG300, respectively.

The triplet excited state energies (Er) of the TAPIPs in
PEG200 were determined from their phosphorescence spectra
(Figures S1 and S2) and are given in Table 1. On the basis of
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Figure 1. Fluorescence spectrum of PEAP (solid blue) and absorption
spectra of PATAPIP (dashed red) and ZnTAPIP (dotted dark red) in
PEG200. The arrow indicates the UES achieved with both TAPIPs
and PEAP as annihilator.

these energies, PEAP was chosen as the annihilator due to its
high fluorescence quantum yield (76% in hexane*'), long
triplet state lifetime (2.4 ms in toluene®), and Ey of 1.49—1.50
eV** a5 evaluated with TD-DFT calculations. The
fluorescence spectrum of PEAP in PEG200 is shown in Figure
1, and the absorption spectrum together with the molar
extinction coefficients is shown in Figures S3 and S4 and Table
S1. TD-DFT-calculated E; of PEAP thus matches closely the
Ep of ZnTAPIP to minimize enthalpic energy “loss” in TET,
and, in comparison, with the larger difference in triplet state
energies between PATAPIP and PEAP, rapid TET from
PATAPIP would be expected.

To evaluate the forward triplet—triplet energy transfer
(FTET) rate constants from sensitizer to annihilator (kggr)
for each upconversion system, the phosphorescence lifetimes
of the TAPIPs in the presence of different [PEAP] were
measured in both solvents. The resulting Stern—Volmer plots
along with the calculated values of kprgr are shown in Figure 2.
The phosphorescence decays of both TAPIPs with and
without PEAP in both solvents are shown in Figures S7—S10.

DOI: 10.1021/acs.jpclett.9b03466
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Figure 2. Stern—Volmer plots of PATAPIP (a) and ZnTAPIP (b) in PEG200 and PdTAPIP (c) and ZnTAPIP (d) in PEG300 with the resulting

Stern—Volmer constants (Kgy) and FTET rate constants (kgrgr)-

The rate of FTET follows the Boltzmann distribution and

Kasee 46

ol )
diffusion rate constant (approximately 5 X 107 M~ s7! in
PEG200"7) and AEp is the triplet energy gap between the
sensitizer and the annihilator at temperature T. Thus, by using
the kppgr values obtained from the quenching studies, AE for
both pairs can be estimated as 0.01 eV (0.4 kzT at room
temperature) for PATAPIP/PEAP and —0.08 eV (-3 kyT) for
ZnTAPIP/PEAP.* This also means that the TD-DFT-
calculated E; of PEAP (1.49—1.50 eV) underestimates the
real energy, which we determine to be closer to 1.6 eV.
Therefore, FTET from PdTAPIP to PEAP is slightly
exothermic, but the energy transfer from ZnTAPIP to PEAP
is considerably endothermic. The rate constant of RTET can

be calculated as kpppr = kprpr exp(—%).46 For ZnTAPIP/
B

PEAD, this gives kprpr & 5 X 10" M™' 57/, a fully diffusion-
controlled rate in the viscous PEG200, which in turn can be
used to evaluate the ratio kppr/kgrgr & 20. For PATAPIP/
PEAP, kprpr ~ 1.9 X 10" M™' s7! and kgppr/kergr ~ 0.7.
Thus, RTET should be expected from PEAP back to both
sensitizers, and the effect of RTET on TTAUC performance
has to be taken into account, especially in the case of
ZnTAPIP.

Due to substantial RTET, the efficiency of TET that results
in successful annihilation and upconversion, i.e., apparent TET
efficiency (@), cannot be solely determined from the FTET
rate constants. Thus, we monitored how [PEAP] affects the
upconverted emission intensity (Iyc). At constant excitation
intensity, Iyyc depends on the quantum yield of upconversion
Dy = fOrcPrrpPa,Prer,” where f is the so-called spin-
statistical factor,™ %" @, is the efficiency of triplet—triplet
annihilation, and ®g,, is the annihilator’s fluorescence

can be written as kppppr = where kg is the
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quantum yield. Here @y is multiplied by 2 to make the
maximum theoretical quantum yield 100%. By comparing the

kergrlAl
%0 + kergrlAl
the unquenched triplet lifetime of the sensitizer) and Iy, the
effect of RTET in each system becomes clearly observable
(Figure 3).

As evident from Figure 3, despite the large endothermic
energy gap, the FTET from ZnTAPIP to PEAP is very efficient
thanks to the ultralong triplet state lifetime of the sensitizer.
Indeed, 90% @prpy is reached from ZnTAPIP with a lower
[PEAP] than that from PdTAPIP. However, the much faster

projected efficiency of FTET (®pppy = , where 7, is
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Figure 3. Comparison between the projected FTET efficiency
(@prer, in solid lines, left axis) and the measured upconversion
emission intensity of each upconversion system (Iyc, geometric
markers and dashed lines, right axis) at a given annihilator
concentration. The dashed red arrow shows the discrepancy between
the projected FTET efficiency and the UC emission. The arrow
illustrates the difference between the concentrations that yield 90%
@prpr and 90% of the maximum UC emission intensity with
ZnTAPIP in PEG200. The emission intensities were normalized by
each system’s maximum value due to the differences in ®;5c and @y,

DOI: 10.1021/acs.jpclett.9b03466
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Figure 4. Quantum yields of upconversion (@) as a function of power density in PEG200 (a) and in PEG300 (b). The upconverted fluorescence
spectra are shown in Figures S15 and S16. I, was determined from the sigmoidal fit (Exp. fit) as half of the determined maximum quantum yield
(Ppax)- The kinetic rate models of ZnTAPIP/PEAP (c) and PATAPIP/PEAP (d) in PEG200 show how I, of both systems depends on the total
sensitizer ([Zn] or [Pd]) and annihilator ([PEAP]) concentrations. The text boxes highlight the I, values obtained with the model using the
experimental concentrations of sensitizer and annihilator.

Table 2. Properties of the Upconversion Systems Presented

sensitizer viscosity (cP) AEr (kgT) [So] (uM) [PEAP] (mM) I, (mW/cm?) Dy (%) @ ()
PATAPIP 54 0.4 4.2 1.2 157 18.8 32.8

520 8.4 10 368 9.6 18.6
ZnTAPIP 54 =3 5.1 S 126 11.6 259

520 10.2 20 328 2.1 10.2

“@fueted is the quantum yield of upconversion with correction for reabsorbed photons.

RTET in the case of the endothermic ZnTAPIP/PEAP pair results, it is possible to design a system where the adverse effect

makes the apparent TET efficiency @y considerably smaller. of RTET is minimized and the full potential of endothermic
RTET causes a striking difference between the concentrations TET pairs can be realized.
that yield high ®prpr and the concentrations resulting in high The requirement for higher annihilator concentration to

apparent @ and consequently high Iyyc (because Ijyc & Py yield efficient TET from ZnTAPIP to PEAP can be explained
& ®pgr) for the ZnTAPIP systems (highlighted with the red with reference to entropy. Because TET from ZnTAPIP to

arrow in Figure 3). With ZnTAPIP as the sensitizer, 90% PEAP is endothermic, high annihilator concentrations are
Dprpr occurs at [PEAP] = 0.35 mM, but the emission intensity needed to provide an entropic driving force. Cheng et al. have
reaches its maximum with [PEAP] = S mM. Conversely, the shown that the change of entropy in FTET is
erformance of the PATAPIP/PEAP pair follows the projected _ [A.1S:1 ) 30
II;TET efficiencies more closely: 903/:: Dprpp is yielged] with AS =ky ln([SU][AT] )’ where [Ao], [Ac], [So], and [Sr] are
[PEAP] = 0.7 mM, and the maximum emission intensity is the ground and triplet state concentrations of the annihilator
achieved with [PEAP] = 1.2 mM. This is because the effect of and sensitizer, respectively. Thus, by increasing the annihilator
RTET is much smaller and the apparent TET efficiency is ground state concentration, the process becomes exergonic and

more directly determined by the FTET efficiency. The FTET is promoted over RTET. The equation also reveals that
PEG300-based systems show the same trend: 90% ®prgr is low [S,] and high [Sy] are needed for large AS, emphasizing

attained with [PEAP] of 3.4 and 6.8 mM, and the maximum the requirement for a sensitizer with high molar extinction
emission intensity is reached with [PEAP] of 20 and 10 mM, coefficient and long triplet state lifetime.
when using ZnTAPIP or PATAPIP as sensitizers, respectively. To further study the performance of our TTA-UC systems,
While a larger [PEAP] is required to attain the same we measured the quantum vyields of upconversion and
upconversion efficiency for ZnTAPIP, these results give us determined the excitation power density thresholds (I) for
important information regarding the concentration required to each system using [PEAP] that yielded the maximum
attain the maximum @y for each system. On the basis of these upconversion emission intensity (Figure 4 and Table 2). At
321 DOI: 10.1021/acs jpclett.9b03466
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power densities higher than Iy, the upconversion emission
intensity of the system has a linear dependence on the power
density. At power densities lower than I, the upconversion
emission intensity has a quadratic dependence on the
excitation power density (Figures S11-S14).>> At I, the
annihilator triplet states decay via annihilation and sponta-
neous pathways at equal rates, and the quantum yield of
upconversion is half of the maximum quantum yield of the
system.”>>>> The well-known equation for I, by Monguzzi et

(k) s
Yor @ () Py’
decay rate of the annihilator triplet state, ypr is the second-
order decay rate of TTA and a(4) is the absorption coefficient
of the sensitizer at the excitation wavelength. Thus, for systems
using the same annihilator and the same optical densities,
determining Iy, provides a reliable evaluation for the efficiency
of apparent TET.

To our delight, when comparing the I values of the
systems, it is clear that RTET was successfully suppressed and
apparent TET is efficient for all systems with the
concentrations used. Exceptionally, the endothermic ZnTA-
PIP/PEAP pair exhibits even lower I values than the
exothermic PdTAPIP/PEAP pair. To the best of our
knowledge, an endothermic pair has not exhibited as efficient
TET as an exothermic pair. Thus, our results demonstrate that
exothermic TET is not required for efficient TTA-UC.

To corroborate these experimental findings and to further
study the effect of both sensitizer and annihilator concen-
trations on Iy, we applied our kinetic rate model®® (equations
and parameters are presented in the Supporting Information)
to both sensitizer/annihilator pairs. The simulations confirmed
that with the endothermic ZnTAPIP/PEAP pair it is indeed
possible to attain the same or even lower I, than that with the
exothermic PAdTAPIP/PEAP pair. Furthermore, the model
corroborated the experimental findings by the fact that the
utilized experimental conditions (sensitizer and annihilator
ground state concentrations and diffusion rate constant)
yielded Iy, values of 130 and 155 mW/cm?” in PEG200 (Figure
4) and 335 and 336 mW/cm? in PEG300 (Figures S17 and
S18) for ZnTAPIP- and PdTAPIP-sensitized systems,
respectively. In the Supporting Information, we also provide
simulation results (Figures S19 and S20) in a less viscous
environment (e.g., toluene). Generally, kinetic rate modeling
shows that for an upconversion system with substantially
endothermic TET a long triplet state lifetime and high
annihilator ground state concentration are extremely beneficial
for reducing the I.

al. shows that I, = * where k} is the spontaneous

2k’
(W) Prpy
reducing Iy, for a given pair of sensitizer/annihilator is to
increase o (which is proportional to € and [S,]) of the system
by increasing the sensitizer ground state concentration.
However, overly high sensitizer ground state concentrations
are deleterious even in exothermic cases due to quenching of
the annihilator triplet state and quenching of the sensitizer
triplet state via sensitizer—sensitizer TTA.® 36 Increasing the
sensitizer ground state concentration would require also a
higher annihilator ground state concentration to suppress
RTET, especially in the case of the endothermic ZnTAPIP/
PEAP pair: at higher [ZnTAPIP], the I, depends strongly on
the [PEAP], as we can see in Figure 4c. Consequently, a higher
annihilator ground state concentration will also increase the
probability of excimer formation and thus decrease the

From the equation Iy = , a simple approach for
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fluorescence quantum yield of the annihilator, which will, in
turn, decrease the ®yc.*”*" This effect is observable in our
systems as ®@yc drops when higher [PEAP] is utilized in
PEG300 (Figure 4ab and Table 2). Thus, a sensitizer with
high € is thus decisive for efficient TTA-UC built upon
endothermic sensitizer/annihilator pairs.

The designer of an upconversion system with large UES thus
needs to choose whether to strive for as low as possible I, or as
high as possible ®yc. The upconversion systems presented
here exhibit balanced performance even in viscous media with
high maximum quantum yields (33 and 26%), low-power
density thresholds (160 and 130 mW/cm?), and large UESs
(0.80 and 0.89 eV) for exothermic and highly endothermic
TET pairs, respectively. These features are attributed to high
annihilator concentration (enabled by high solubility), low
sensitizer concentration (while still harvesting excitation light
completely, enabled by high ¢), and long sensitizer triplet
lifetime. These properties collectively lead to entropically
suppressed RTET and make TET exergonic. Thus, after
carefully selecting sensitizer and annihilator molecules with
outstanding properties and optimizing their concentrations, we
have shown that utilizing sensitizer/annihilator pairs with a
negative triplet energy gap is a viable approach for expanding
UES without compromising the power density threshold and
Dy
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Introduction

Light is a versatile, non-invasive and efficient stimulus with
high spatial and temporal resolution and facile modulation.
Photoswitches, of which azobenzenes are arguably the most
common class, enable the control of functional materials with
light.** The photoswitching of azobenzenes is based on their
reversible trans(E)-to-cis(Z) isomerization. Depending on their
structure, azobenzenes have varying Z-isomer thermal lifetimes
and varying degrees of spectral separation between the
absorption bands of the isomers. Conventional azobenzenes
absorb ultraviolet or visible light with relatively high energy,
which limits their applicability for emerging fields such as solar
energy harvesting,’ 3D printing," photosensors,” photo-
actuation® and photocatalysis.” When compared to longer
wavelengths, UV excitation is hampered by, for example, its
limited solar availability, non-specific absorption, and harm-
fulness to organic materials and live cells.® Moreover, due to the
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azobenzene chromophore, a desirable feature in photocontrollable biomaterials.

optical properties of biological tissue, photoswitching systems
capable of operating under red or even near-infrared (NIR) light
are of particular interest for biomedicine.***

Developing azobenzenes suitable for these aforementioned
fields in terms of properties such as red-shifted excitation
wavelengths, spectral resolution of E- and Z-isomers and
thermal stability of the Z-isomer, requires structural modifica-
tion;'® a complex approach that generally involves extensive
computational studies and synthesis. For example, ortho-func-
tionalization of azobenzenes is an established approach to
create photoswitches with a long Z-lifetime,'®"” which is
required for efficient photoswitching in both directions and
precise control of the isomer composition. Despite recent
advances, creating bistable red-absorbing azobenzenes remains
a challenge, since red-shifting typically leads to drastically
decreased thermal stability of the Z-isomer. Furthermore, there
are no reports on bistable NIR-absorbing azobenzenes.'®*

Indirect excitation, i.e., excitation that does not rely on the
thermal relaxation or absorption bands of the E- and Z-isomers,
but instead makes use of a proxy molecule to absorb light-
activation signals, may overcome the foregoing issues of azo-
benzenes while retaining their beneficial intrinsic properties
such as bistability and robustness. Intriguingly, indirect exci-
tation allows tailoring and expansion of the photoswitching
properties of the system without structural modification, even
beyond the capabilities of the azobenzene itself. Isomerization
by indirect excitation can be effected in various ways, such as
photoinduced electron transfer,*** two-photon absorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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induced energy transfer,” photon upconversion®** and triplet
sensitization.>**°

Triplet-sensitized Z-to-E isomerization of azobenzenes is an
especially viable approach for indirect excitation due to its
reversibility, non-destructivity and near-unity conversion effi-
ciency.”**>?" Triplet sensitization has also been utilized to
isomerize other types of photoswitches, such as overcrowded
alkenes,* diarylethenes,* stilbenes® and indigos.** However, in
previous reports triplet sensitizers have been excited in the UV-
to-yellow (<580 nm) range, while the capabilities of potent red
and NIR-absorbing triplet sensitizers, such as porphyrins, have
not been utilized in azobenzene photoswitching. Thus, we set
out to study this orthogonal excitation pathway for bistable
azobenzenes and explore the wavelength limits of triplet-
sensitized photoisomerization and how it improves the effi-
ciency and control over photoswitching.

Here we demonstrate triplet-sensitized Z-to-E isomerization
of azobenzenes under red and NIR excitation and establish its
efficiency via kinetics studies. We have employed a NIR-
absorbing porphyrin, PANP (Pd(u)meso-tetraphenyltetranaph-
thoporhyrin®**=*) and two commercially available red-absorbing
porphyrins, PdP and PtP (Pd(n) and Pt(u)meso-tetraphenylte-
trabenzoporphyrin, see Chart 1), as triplet photosensitizers. The
sensitizers used in combination with tetra-
fluoroazobenzene (TFA**’) and fluoropyrrolidineazobenzene
(FPA,** see Chart 1). Both ortho-functionalized azobenzenes
exhibit efficient photoisomerization (>80% conversion to both
Z- and E-isomers) under visible light and remarkably long
thermal half-lives (days). TFA requires blue light (410 nm) for Z-
to-E photoisomerization. In contrast, Z-FPA absorbs red light,
albeit weakly, and thus it was used to compare photo-
isomerization under direct and triplet-sensitized excitation.

were

Results and discussion
Triplet energy transfer studies

All experiments were conducted in dimethyl sulfoxide (DMSO).
Since triplet sensitizers generate reactive oxygen species under
illumination, bis(methylthio)methane was added as an oxygen

R R = CO,Me
M = Pd/Pt

I,

CO,Et OMe

CO,Et OMe
TFA | FPA
R
— PdPIPtP
-=-~ PdNP

Chart 1 Sensitizers and azobenzenes used in this study.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scavenger.*” To study the triplet energy transfer (TET) from PdP
and PtP to the azobenzenes, we performed quenching studies
by measuring the phosphorescence lifetimes of both sensitizers
in the presence of E- or Z-isomers of both azobenzenes. The
resulting Stern-Volmer plots of the quenching studies are
shown in Fig. 1.

The Stern-Volmer rate constant (Ksy) yielded by the linear fit
on the quenching data was then used to evaluate the rate
constant of triplet energy transfer:

krer = ——, (1)
where 7, is the unquenched phosphorescence lifetime of the
sensitizer (260 us and 46 ps for PP and PtP, respectively). The
quenching experiments are discussed in more detail in the
ESLT krgr values were then used to calculate the triplet energy
gap (AEr) between the sensitizer and azobenzene triplet states:*

N
=In 1],
kBT kTET
where kg is the Boltzmann constant, 7T is the temperature and
kaiee (= 1.1 x 10° M™' 571} is the diffusion rate constant of the
system (see the ESIt). Finally, the obtained AE values were used
together with the sensitizer triplet energies (1.55 and 1.61 eV for
PdP and PtP, respectively, see Fig. S31) to evaluate the triplet
energies (Ey) of both E- and Z-isomers of the azobenzenes. To
our knowledge, these are the first reported triplet state energies
of ortho-substituted azobenzenes. The kg, AEr and Ey values of
each pair are given in Table 1.

Interestingly, the Z-isomer of TFA has higher Er than the E-
isomer, which appears contrary to the unsubstituted azo-
benzene (Er of Z-isomer 29 kcal mol ™" i.e. 1.29 eV), whereas
the Er values of E-TFA and E-FPA are comparable to the
previously reported values for unsubstituted and para-
substituted azobenzenes (33-35 kcal mol ' ie 1.43-1.52

©)

eV).**** The Kkinetics studies results also reveal the
7
A B
. 35
5]Ksy, £ = 2.3*10° M) Ksv, £ = 4.9*10° M)
L;A n FE
¥ s 4
z 4 -1
1] wKgy 7=2.1*10° M 10 g DAL
0 5 10 15 20 25 0 10 20 30 40 50
[TFA], uM [TFA], uM
c 30{D

4{Ksy £=7.3*10* M} Ksv.

Kev,z = 6.1*10% M Kgv,z = 1.0*10* M1

0 10 20 30 40 50 60 0 40 80 120 160 200
[FPA], uM [FPA], uM

Fig. 1 Results of phosphorescence quenching. Stern—Volmer plots
and the corresponding Ksy values of (A) TFA and PdP, (B) TFA and PtP,
(C) FPA and PdP and (D) FPA and PtP.
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Table 1 Rate constant of triplet energy transfer (kre7), the triplet
energy gap (AEt) between the sensitizer and azobenzene, and the
triplet energy (Ey) of the azobenzene derived from the quenching
results

Pair krerM7's™Y) AEp (kgT)  AEr(meV)  Erp(eV)
E-TFA/PAP 8.7 x 10° -1.3 —34 1.49-1.52
E-TFA/PtP 1.1 x 10° —4.7 —120

ZTFA/PAP 8.1 x 10° —-1.0 —26 1.52-1.56
Z-TFA/PtP 9.7 x 10° —2.0 —52

E-FPA/PAP 2.8 x 10° 1.1 29 1.58-1.63
E-FPA/PtP 3.6 x 10° 0.7 18

Z-FPA/PAP 2.4 x 10° 1.3 34 1.58-1.65
Z-FPA/PtP 2.2 x 10° 1.4 36

thermodynamics between the sensitizer and azobenzene:
triplet energy transfer from both PdP and PtP appears
exothermic for TFA (negative AEy), while the lower values of
krgr between the sensitizers and FPA indicate endothermic
energy transfer (positive AEy).

Triplet-sensitized isomerization with red light

To study the effect of the triplet energies on photo-
isomerization, we employed both PdP and PtP for photo-
switching of TFA and FPA. In agreement with previous
works,>*?*?° E-to-Z isomerization was negligible on excitation of
the sensitizer. This was observed although krgr of the E-isomer
is larger than for the Z-isomer for both TFA and FPA. However,
after isomerizing the azobenzenes to their Z-configuration by
direct excitation of the E-isomer (525 nm for TFA and 405 nm for
FPA), rapid and nearly complete Z-to-E isomerization could be
readily induced under 640 nm excitation using catalytic
amounts (1.8 pM i.e. 1.2 mol% with respect to the azobenzene)
of each sensitizer (see Fig. 2). An exponential function was fitted
to the isomerization data to determine the rates of isomeriza-
tion (r;— g). The resulting fits are shown in Fig. S12-S16.1 The
rates of Z-to-E isomerization are clearly increased by several
orders of magnitude by indirect excitation via the triplet energy
transfer route. For example, the photoisomerization rate for
FPA by triplet sensitization was over 100 times faster than that
under 640 nm direct excitation (3.10 min ™" versus 0.028 min ).
As expected, no isomerization of TFA without sensitizers was
observed under 640 nm excitation. Notably, the sensitized
photoswitching of FPA, for which TET is endothermic and thus
slower, occurs as rapidly as photoswitching of TFA.

The conversion efficiency of sensitized Z-to-E isomerization
(®;-.z) was determined from the curves as the ratio of initial
(dark) and final (achieved upon sensitization) absorbances. All
values were close to unity, and only a minor difference in the
conversion efficiency was observed between TFA and FPA. r,_. ¢
and @,_,  values of each sensitizer/azobenzene pair are shown
in Table 2.

Surprisingly, the sensitizers appear to catalyze the Z-to-E
isomerization of FPA even in the dark (see Fig. S18f). This
increase in the rate of the thermal isomerization is especially
pronounced with PtP as the contribution of the dark reaction to
the overall observed rate is 31% (0.15 min ). In case of FPA/
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Fig. 2 The absorption spectra of the photoswitching systems con-
sisting of PdP and PtP and TFA (A) and FPA (C) and their photo-
isomerization curves (B) and (D). The concentration of the azobenzene
was 150 uM and the concentration of the sensitizer was 1.2 mol% of
the azobenzene, i.e. 1.8 uM. The colored sections indicate the wave-
length and time ranges used for photoswitching. The excitation light is
on during the times indicated by the representative colors. Gray lines in
(A) and (C) indicate the wavelength used for monitoring the isomeri-
zation. The observed partial £-to-Z isomerization of the azobenzenes,
especially in case of TFA due to its small molar extinction coefficient at
525 nm, is caused by the competitive absorption of the azobenzene
and the sensitizer.

Table 2 Rates (rz_.g) and efficiency (@7_, ) of the photoisomerization
under 640 nm excitation

Pair TFA/PdP TFA/PtP FPA/PdP FPA/PtP
rz—p (min~") 3.10 0.50° 3.10 0.49"
Dy (%) 99 99 96 9%

“ The smaller ®,_, yyielded by PtP results mainly from a smaller spectral
overlap between the absorption and the excitation (see Fig. 2).

PdP, the contribution is only ca. 2% (0.06 min'). Also, the
free base of the porphyrin (H,P) catalyzes the isomerization of
FPA in the dark (0.09 min~"). This catalytic effect is perhaps
aresult of ground state coordination***® between Z-FPA and the
porphyrin. FPA has three 7 donors in ortho- and para-positions
and only one electron-withdrawing fluorine substituent,
increasing the affinity of the azo bridge to an electron-deficient
site such as a metal cation. This effect is not observed with the
drastically electron-poorer TFA, which supports this
explanation.

Mechanism of triplet-sensitized isomerization

To better understand the observed results of triplet-sensitized
photoswitching and the considerably increased isomerization
rates, we conducted an analysis of the underlying reaction
mechanisms that can be described with the following set of
equations:***°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where S is the sensitizer, superscript 3 is the triplet state, ISC is
the intersystem crossing between the singlet and triplet states
and k denotes the rate constant of each process. krgr and krgr.z
are determined experimentally and given in Table 1. It is also
important to notice, that >Azo* can be considered as a common
state between the isomers, since there is no energy barrier
associated with the CNNC twist in the triplet manifold.*>*"
While there are no direct observations reported on the triplet
lifetime of azobenzenes, the commendable computational
work* by Cembran et al. estimates ko as 10" s™'. The
ultrafast ISC results from the degeneracy between the minimum
of the triplet state and the intersection between the triplet state
and ground state of E-Azo. Since the photostationary composi-
tion yielded by sensitized isomerization can be derived from the
equations above as***°

[E-Azo] _ krerz kisc-e

[Z-Azo] ket kisc.z’

)

we can use @,_, ; and the TET results to estimate relative kigc
for TFA (10° s~ ') and FPA (3 x 10° s~ '), corresponding roughly
to 1-3% of kisc.x. This also explains why triplet sensitization of
azobenzenes leads almost exclusively to the formation of the E-
isomer.>*%*

Based on the isomerization kinetics, even endothermic TET
(as is the case with FPA) is apparently capable of driving isom-
erization efficiently. This indicates that the whole process of
triplet-sensitized isomerization is largely entropy-driven,*-**
since the rate of the isomerization is fairly decoupled from the
change in enthalpy involved in TET. The change in entropy (AS)
of TET is™

(®)

AS = kg h-(%)_

(S| Azo*]

The ultrafast crossing between the triplet state and the
ground state of E-Azo (eqn (5)) leads to [*Azo*] < [Z-Azo], [*S*],
[S] and ensures a large entropy component in the triplet-
sensitized isomerization. This also effectively eliminates the
azobenzene-to-sensitizer reverse TET.*> Therefore, even photo-
sensitizers with considerably lower triplet energies are still
capable of sensitizing the Z-to-E isomerization of azobenzenes,
which enables the expansion of excitation wavelengths to the
deeper red and even into NIR regions.

Triplet-sensitized isomerization with near-infrared light

Prompted by this finding, we combined TFA with PdNP,
a sensitizer with a triplet energy of 1.30 eV and strong

© 2021 The Author(s). Published by the Royal Society of Chemistry
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absorption in the NIR region (see Fig. S2 and S47). The triplet
energy gap of this pair is thus =220 meV, i.e., 8.5 kg7, and as
a result, TET is highly endothermic. Nonetheless, photo-
isomerization under 740 nm excitation was, to our delight,
efficient despite this remarkably high endothermic energy gap
(see Fig. 3). PANP was capable of sensitizing isomerization of
TFA even under 770 nm excitation (r;_,z = 0.93 min™ ', see
Fig. S147).

Thanks to the bistable nature and rapid triplet-sensitized
isomerization of TFA under NIR excitation, the isomer compo-
sition can be precisely controlled by modulating the excitation
dose (duration and/or intensity). This stepwise photo-
isomerization by dosed excitation is shown in Fig. 4. Repeatable
cyclic switching between isomers is also typically desired for
applications of photoswitching. This can be achieved in triplet-
sensitized photoswitching systems by alternating excitation of
the azobenzene and sensitizer as shown in Fig. 4 No discernible
change in the rate of sensitized isomerization and only a slight

25 L paNpgEFA 20

20 18
g E
§15 Q16
.9 ©
g e
210 :1'4
< EbZ ZBE 212

05

1.0
0.0+ +
300 400 500 600 700 800 0 2 4 6 8

Wavelengths, nm Time, min.

Fig. 3 Absorption spectrum of PANP and TFA (left) and the photo-
isomerization curve (right) under 525 nm (green color) and 740 nm
(dark red) excitation with the resulting rates of isomerization.

15 20 25 30 35 40 45
Time, min.

10 15 20

Time, min.

25 30 35

Fig. 4 Stepwise photoisomerization (above) of TFA by exciting PANP
with 10 s (last two were 20 s) doses of 740 nm excitation (dark red bars)
in 5 min intervals. Cyclic photoswitching (below) of TFA/PdNP with 10
cycles of alternating 525 nm (direct excitation of E-TFA, green
sections) and 740 nm (excitation of PANP, dark red sections) excitation
wavelengths.
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decrease in efficiency (less than 10%, likely due to photo-
bleaching) was observed in 10 cycles. Photoswitching is
achievable even in the presence of oxygen (Fig. S191), when the
effects of singlet oxygen generated by the photosensitizer are
mitigated by employing oxygen-scavengers.

Conclusions

We have shown that photoisomerization of bistable ortho-
functionalized azobenzenes via triplet energy transfer is rapid
with near-unity efficiency under red and near-infrared (up to
770 nm) excitation. Detailed studies of the kinetics indicate that
triplet-sensitized isomerization is largely entropy-driven. Thus,
even sensitizers with triplet energies considerably lower than
those of the azobenzenes used are still capable of effectively
sensitizing the isomerization. This was confirmed by using an
azobenzene/sensitizer pair with an endothermic triplet energy
gap of over 200 meV between them. The major entropy-factor
involved in the process also projects that this excitation
pathway is efficient for any azobenzene. This expands the
properties of photoswitching systems without chemically
modifying the photoswitch itself. Combined with the desirable
use of red/NIR excitation, precise control of isomer composi-
tion, and repeatable cyclic isomerization, we envision that this
approach will emerge as a potent tool for low-energy photo-
switching in light-responsive materials.
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