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Organic material compositions, able to demonstrate bright delayed fluorescence either by electrical
excitation or by optical excitation, are being applied in various fields of research ranging from sunlight-
powered photonic devices and organic light emitting diodes, to real-time minimally invasive
thermometry and/or oximetry in cell-cultures. This review will provide extensive discussion on the
influence of thermal phenomena on organic material compositions that demonstrate effective delayed
fluorescence. In particular, emphasis will be placed on the technological flexibility of different
approaches together with examples and prospects of their applications and optimization strategies. In
particular, for the triplet—triplet annihilation photon energy upconversion devices, oxygen quenching
and/or local temperature increase represent serious issues, minimizing the photon flux obtained and
leading to the acceleration of device aging. However, such types of delayed fluorescence photonic
applications, based on optically excited triplet states, are much more sensitive to tiny variations of
the sample temperature and local concentration of molecular oxygen. To fully exploit the enormous
application potential of delayed fluorescence based technologies, a deep understanding of the impact of
the thermal phenomena on the aging properties and photonic efficiency is necessary. Such a ‘guide’
for designing robust delayed fluorescence based photonic materials with low sensitivity towards
deactivation by atmospheric oxygen and temperature variations will be helpful for researchers working
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in fields, such as photo catalysis, organic solar cells, organic upconversion displays, minimally-invasive

rsc.li/materials-c life-science sensing, molecular solar fuels etc.

Introduction

Excited triplet states of organic molecular ensembles serve as
an energy pool for various successive processes, such as photo-
catalytic organic reactions,"> bioimaging,”” molecular
sensing,®* electroluminescence, based on thermally activated
delayed fluorescence TADF*>™ and triplet-triplet annihilation
photon energy upconversion (TTA-UC).'®2> Recently, efficient
spin-flip from a triplet to a singlet excited state,”® allowed the
demonstration of organic light-emitting diodes (OLED) with
excellent stability and high efficiency.”*°°

Importantly, both processes, TADF and TTA-UC, rely on
densely populated triplet ensembles, i.e. the number of mole-
cules in the excited triplet state is comparable to the total
number of molecules (belonging to the studied species).
Consequently, both processes demonstrate extremely high effi-
ciency of delayed fluorescence, even at room temperature — for
instances, TADF-systems demonstrate external quantum yield

@ Max Planck Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz,
Germany. E-mail: balouche@mpip-mainz.mpg.de

b Optics and Spectroscopy Department, Faculty of Physics, Sofia University,
“St. Kliment Ochridski”, 5 James Bourchier, 1164 Sofia, Bulgaria

This journal is © The Royal Society of Chemistry 2022

(Q.Y.) at the level of 0.11%® and nearly unity internal effi-
ciency;*”*® the external quantum yield of the TTA-UC process
is demonstrated to reach 0.1-0.2.>°7*

Special attention must be paid to the fact that all molecular
energy levels, involved in the TADF and TTA-UC processes, are
real molecular levels, i.e. no virtual energetic levels are involved.
The intramolecular relaxation processes occur on a time-scale
of a few picoseconds.***® Therefore, in the TADF process only
thermally equilibrated electronic states®” participate leading to
a multi-microsecond decay time for the observed delayed
fluorescence. The diffusion controlled processes (in a soft matter
environment) of triplet-triplet annihilation (TTA, time scale of
n x 100 ps) and the triplet-triplet energy transfer’® (TTT, time
scale of ps) predetermine the decay time of the upconverted
delayed emitter fluorescence (time scale of # x100 ps).

A great advantage of delayed fluorescence (obtained by
optical excitation of TADF or TTA-UC molecular systems) is
its inherent independence on the coherence of the excitation
light because the optical excitation of the system is performed
by resonant single photon absorption.**** Consequently, the
efficiency of the TTA-UC process depends on the properties of
the materials, but does not in any way depend on the coher-
ence of the excitation photons. Similarly, the TADF-process
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performed in amorphous films, the motion of the charges
occupying electronic states formed on molecules or polymer
chains, represents a hopping motion consisting of a sequence
of incoherent transfers from one localized site to another
localized site.**

Quenching by oxygen

However, photonic applications based on triplet excited states
are substantially influenced by the non-emissive deactivation
process, such as quenching via the oxygen in triplet ground
state.*>*® In an oxygen-rich environment®” (even on the ppm-
level), the energy accumulated in the excited triplet ensemble is
being efficiently dissipated: thus a well observable competition
occurs between, on one side the population of the oxygen
singlet state, and on the other side, the emissive (phosphores-
cence and delayed fluorescence) and non-emissive (triplet to
triplet) energy transfer processes. In specific cases, when the
oxygen concentration is correspondingly high, all other relaxa-
tion channels could be completely suppressed except the
generation of singlet oxygen. Correspondingly, neither residual
sensitizer phosphorescence (in the case of TTA-UC), nor
delayed emitter fluorescence (in both processes, TADF and
TTA-UC) could be observed. The physical phenomenon, behind
these observable responses of the TADF- or TTA-UC systems, is
the TTA process occurring between the excited triplet state of
the organic molecule and the ground triplet state of the oxygen
molecule. As a result, the organic molecule returns back to its
singlet ground state and the oxygen molecule gains the energy
of both triplet states and is excited to the metastable singlet
state (*A,, further called singlet oxygen).

Singlet oxygen is a highly reactive species,*®**° leading to the
real-time oxidation of photoactive organic molecules even at
room temperature. Furthermore, the singlet oxygen, formed
during the optical excitation, takes part in a Diels-Alder type
process on a parent sensitizer molecule (in the case of TTA-
UC), which leads to a loss of conjugation in the n-system and to
a severe decrease of the Q-band absorption. A similar process is
also involved in photobleaching of the fluorescent chromo-
phores, e.g. anthracenes, perylenes, etc.”’® Thus, the TADF-
and TTA-UC processes suffer doubly due to the presence of
molecular oxygen - first, because corresponding to the oxygen
concentration and/or on the rate of oxygen molecular diffusion
significant amounts of optically/electrically excited organic
triplet states are being lost, and second (which is an even more
destructive consequence) - a considerable amount of the
photoactive molecules are being damaged and they fail out
from the delayed fluorescence processes.

However, the excitation pathways creating the densely popu-
lated triplet ensembles, essential for the TADF-systems and
the TTA-UC systems, possess a crucial difference: while the
TADF-process is accelerated predominantly via electrical
excitation,">™"” the TTA-UC process is optically activated via
the energy exchange between energetically optimized ensem-
bles of sensitizer/emitter molecular couples.'®*>* Following the
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Fig. 1 Schematic view of the electroluminescence mechanism: carrier
injection, transport, recombination; and radiative decay processes. The
thermally activated delayed fluorescence (TADF) process is highlighted
(y: ratio of holes and electrons in carrier injection, transport, and recom-
bination processes; #,: singlet and triplet exciton formation ratio; #np.:
photoluminescence efficiency; np,: light out-coupling efficiency; ISC:
intersystem crossing; and RISC: reverse intersystem crossing). Reprinted
(adapted) with permission.®® Copyright © 2009 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

radically different excitation schemes, the TADF and TTA-UC
processes exhibit substantially divergent requirements for the
electronic structure of the participating organic molecules.

The energetic scheme of the TADF-process, broadly dis-
cussed in ref. 57-59, is elucidated in Fig. 1 (published by ref. 60).
The main objective of the TADF-research is to design and
synthesize organic molecules with a small energy gap (AEsr)
between the S; and T; levels of the photoactive organic mole-
cule. Organic molecules,”” >° demonstrating simultaneously a
small energy gap (AEsy < 100 meV) and a reasonable radiative
decay rate (higher than 10° s™'), show efficient TADF-
luminescence. The synthetic efforts leading to a substantial
increase of the magnitude of the AEgr energy gap have been
reviewed in the recent publications.®*™¢®

A typical sample temperature dependence of the Q. Y. of
delayed fluorescence for an electrically excited TADF-system is
shown in Fig. 2 (the blue triangles).

It is well seen, that for a temperature interval of nearly AT ~
200 K, the Q. Y. of the delayed fluorescence signal increases
more than 50%.

Oppositely, the process of TTA-UC in a soft matter environ-
ment, possesses a much stronger dependence on the sample
temperature of the signal of delayed fluorescence. For instance,
for a temperature interval of nearly AT ~ 40 K, the Q. Y. of the
delayed fluorescence signal is increased more than 400%.%7%°
Simultaneously, the energy gap between S; and T, levels of the
fluorescent organic molecule is substantially larger, for
instance AEgy ~ 0.8-1.2 eV.'*72°

Annihilation upconversion in organic
systems

This review will concentrate on the thermally activated delayed
fluorescence in an optically accessed soft matter environ-

ment via the TTA-UC process. Briefly, the TTA-UC process
takes place in a multi-chromophore system consisting of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Temperature dependence of photoluminescence quantum effi-
ciencies (errors are within 2%) for combined (prompt plus delayed; black
squares), prompt (red circles) and delayed (blue triangles) components of
4CzIPN emission for the 5 £ 1 wt% 4CzIPN:CBP film. The straight lines are
guide for the eyes. Reprinted (adapted) with permission.>” Copyright ©
2012, Nature Publishing Group, a division of Macmillan Publishers Limited.

energetically optimized pairs of sensitizer (metallated macro-
cycles) and emitter molecules (aromatic hydrocarbons), as
shown in Fig. 3. The photon energy is absorbed by the sensi-
tizer (dark red arrow, Fig. 3) and stored in its triplet state,
formed in the process of intersystem crossing (ISC). This energy
is transferred to an emitter triplet state via the process of
triplet-triplet transfer (TTT). The excited triplet states of the
two emitter molecules undergo triplet-triplet annihilation
(TTA), in which one emitter molecule returns to its singlet
ground state and the other molecule gains the energy of both
triplet states and is excited to the higher singlet state. As the
emitter singlet state decays radiatively back to the ground state,
a delayed emitter fluorescence (red arrow, Fig. 3, called shortly
dF), bearing a higher energy than that of the excitation photon,
is emitted. Simultaneously, if the energy overlap between the
triplet manifolds of the emitter and sensitizer molecules is
not optimal or if the rotational diffusion of the interacting
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Fig. 3 Simplified energetic scheme of the triplet—triplet annihilation
upconversion process in an oxygen rich environment. Inset: Chemical
structures of the sensitizer — mixed palladium benzo- naphtho- porphyr-
ins, n = 1, 0 (PdBNP); emitter — MPh-MB-BODI PY. Reprinted (adapted)
with permission.®® Copyright 2021 American Chemical Society.
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sensitizer/emitter triplet states is not high enough, the sensiti-
zer triplet state will not be completely depopulated and hence,
residual sensitizer phosphorescence (violet arrow, Fig. 3, called
shortly rPh) will be observed, as well. The term “residual”
sensitizer phosphorescence is important, while the emitting
sensitizer triplet state is substantially disturbed - i.e. depopu-
lated - by the processes of TTT, and TTA. Therefore, the
dynamical characteristics of the residual sensitizer phosphor-
escence will differ noticeably from those of a neat sensitizer
ensemble, keeping all other experimental parameters the same.

The process of TTA-UC is based on optically excited triplet
ensembles, thus, the excitation transfer mechanism must be
Dexter-type — via direct electron exchange (Fig. 4) between the
participating organic molecules.*>**®” It must be mentioned
explicitly, that both processes — TTT and TTA - are obliged to
use the Dexter-type energy exchange mechanism. Following the
classical description,***®” the Dexter process requires a wave
function overlap between the donor and acceptor - ie. it
can only occur at short distances,®” typically within 10 A. The
Dexter energy transfer rate kpgr is given by the proportionality:
kper ~ Jexp(—2r/L), where J is the spectral overlap integral and
isgiven by J = J"{D(i)s(i)i“dl, and r is the sensitizer (i.e. donor)
- emitter (i.e. acceptor) separation; L is the sum of the van der
Waals radii of the donor and the acceptor.

The classical case of p-type delayed fluorescence (this is a
synonym of TTA-UC), where the optically-active dye molecules
are co-crystallized in organic crystals, is well described by this
model.*>*%%” In these classical studies, the TTA-process was
observed and theoretically described for the specific case of an
organic-crystal environment. The classical physical picture
consists of TTA - donor and TTA - acceptor molecules,
co-crystallized in a matrix of small organic molecules, serving
as a solid-state solvent.

LUMO
Donor Acceptor
(Sensitizer) ’/\ (Emitter)
HOMO ———
D* A

—

e,

Fig. 4 Cartoon elucidating the Dexter energy transfer mechanism.
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There is plethora of material characteristics and experi-
mental conditions, which are drastically different for the opti-
cally excited TTA-process in a soft matter environment and
optically excited TTA-process in organic crystals:

(1) The energy of the excited triplet states of the solid-state
solvent (organic crystal) is comparable with the triplet energy
levels of the interacting molecules

A< plrivlet Etriplet) <0.2¢eV.

crystal donor

Oppositely, in a soft matter matrix (or hydrophobic solvent),
this triplet energy difference is more than 10 times higher*>*°

A(Etriplet o Etriplet) =2 eV.

crystal donor

(2) The classical, crystal-embedded TTA-systems are not
sensitive to moderate temperature changes, for instance in
the range of AT ~ 50 K. Oppositely, the soft matter-based
TTA-systems are very sensitive to local, tiny changes of the
temperature (AT ~ 0.1 K) or solvent viscosity changes®®®® -
i.e. temperature sensitivity more than 2 orders of magnitude
higher.

(3) Furthermore, crystal-embedded TTA-systems demon-
strate relatively low external quantum efficiency (QY ~ 10™%)
of the process.>>?° Correspondingly, the external quantum
yield of the process is more than 1000 times higher,>*>*
ie QY ~ 107 %

Since the first observation of first p-type delayed fluorescence,
the dependence of the triplet-triplet annihilation on the sample
temperature was studied intensively first in solid matrices”>”* and
then in liquid solvent.”” In Fig. 5 (originally published in”?), the
dependence of the parameter o representing (indirectly) the
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Fig. 5 Comparison of experiment and theory for the temperature depen-
dence of o (pyrene in ethanol): O, experiment, —, theory, = 7 x 10*s7% [ =
0.17 nm, and B = 0.936. Reprinted (adapted) with permission.”? Copyright
1989, Journal of Chemical Society.
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probability for the formation of the singlet pyrene excited state
is shown.

The developed model”® was able to reproduce the experi-
mental temperature dependence with realistic parameters for
the long range interaction leading to TTA.

The kinetics of diffusion-controlled TTA, studied in a
viscous solution and under long-pulse excitation was success-
fully described by the modified version of Smoluchowski’s
original theory.”® It is important to note that the temperature
window observed was relatively narrow (AT = 134-150 K) and
away from room-temperature range, Fig. 6.

The main particular characteristics of the classical, crystal-
embedded or solution processed TTA-systems, is the absence of
a sensitizer molecule (as shown in Fig. 3). Thus, most of them
are working in the so called “small signal regime” - ie. the
amount of emitter molecules in the excited triplet state is small
in comparison with the total number of optically active mole-
cular species. Oppositely, in the process of sensitized TTA-UC
(Fig. 3) the concentration of emitter molecules in the excited
triplet state is comparable with the total number of the studied
molecules, thus the dynamical response of the TTA-UC system
on external stimuli, such as temperature and/or the presence of
molecular oxygen in triplet ground state, has much more
complicated appearance.

Fig. 7 shows the temperature dependence of the signal
of delayed fluorescence for the TTA-UC system comprising
commercial available active materials, such as palladium(Lr)
octaethylporphyrin/9,10-diphenylanthracene distributed in
polymer matrices, such as ethyleneoxide-epichlorohydrin
copolymer or polyurethane with different molecular masses.”*
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Fig. 6 Temperature dependence of the triplet decay rate constant kr as
obtained from the fit of eqn (12)”* to the time dependence of the delayed
fluorescence (ktpr, solid circles, hom) in comparison with values obtained
directly from the phosphorescence decay (ktpu, solid squares). The stars
represent values of kt pr that were obtained without applying the weight-
ing procedure in the evaluation of Ipg(t). The lower graph represents the
difference between kt.pr (@) and k1 p (H) in percent. Reprinted (adapted)
with permission.”® Copyright 2004, Royal Society of Chemistry.
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Fig. 7 (a) Select upconversion emission profiles of an EO-EPI film con-
taining (0.22 mM) PdOEP and (18.1 mM) DPA measured at variable
temperatures upon excitation at 544 nm with 2 mJ per pulses at a rate
of 10 Hz. (b) Integrated upconverted emission intensity as a function of
temperature for the plot shown in (a). The sampling width was 500 ns, and
the delay time ranged from 1-100/is. It should be noted that the integrated
area at each temperature was obtained from the maximum intensity
reached for each respective temperature which occurred at a variable
delay time. Reprinted (adapted) with permission.®® Copyright 2009 Amer-
ican Chemical Society.

It is well seen, that if the glass transition temperature (7g) for
the given polymer matrix is reached, the TTA-UC system shows
the highest dF emission. Furthermore, when the sample tem-
perature exceeds Tg, this leads to a decrease of the optical
signal (Fig. 7b).

A good example of the sensitivity of the TTA-UC system on
the environmental parameters, including not only sample
temperature, but also the viscosity characteristics of the embed-
ding matrix (optically not active) is shown in Fig. 8. In this
experiment, the TTA-UC system reacts at the elevated sample
temperature in an unusual manner: the dF-intensity decreases
substantially with the increase of the sample temperature. This
behaviour cannot be attributed to some sample degradation
(photo oxidation) or phase separation, since almost no hyster-
esis in the “up” or “down” temperature change was observed.
Later, similar temperature dependence of TTA-UC was reported
in ref. 76.

Also in multiphasic protein hydrogels,®® the intensity of the
delayed fluorescence decreases with the increase of the sample
temperature. This experiment is performed in an air-saturated

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Temperature dependence of the spectrally integrated UC emission
intensity measured upon CW excitation at 632.8 nm. The sample was
made with [C4mim][NTf,] and set inside an ultrahigh-vacuum cryostat. The
experiment started at 50 °C, then cooled (circles, to —60 °C; see Fig. S6 in
the ESI of ref. 75) and warmed to 50 °C again (triangles). The sample
amount was 110 pL. A time interval of 5 to 15 min was taken between the
adjacent data points. Reprinted (adapted) with permission.”> Copyright
2013 American Chemical Society.

environment and no additional efforts for protection of the
optically excited organic triplet ensembles against quenching
by molecular oxygen present in the water environment and
actively diffusing through the protein hydrogel were made. It is
known, that oxygen diffusion increases substantially with the
temperature increase (Fig. 9).%>

As mentioned earlier, if the rotational diffusion of the
interacting sensitizer/emitter triplet states is not high enough,
the sensitizer triplet state will not be completely depopulated
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Fig. 9 Normalized TTA-UC emission intensity at 434 nm for the BSA/
SDS/1/DPA hydrogel and at 476 nm for the BSA/SDS/3/Pery hydrogel with
respect to temperature. Reprinted (adapted) with permission.®® Copyright
2020 American Chemical Society.

J. Mater. Chem. C, 2022, 10, 4533-4545 | 4537


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc04915a

Open Access Article. Published on 11 January 2022. Downloaded on 11/1/2025 12:20:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

a)  [wpn sUC

< 12} 323K 293 K

o
:21.0-l.ll.'-l.l
£ 08}

()

E 0.6+

§0.4—

o 0.2} [ [ ] VL . [ ]
Zoolr & ¥

0 1 2 3 4
#Cycles

Fig. 10 (a) Repetitive UC and phosphorescence emission switching by
thermal cycling this sample between 293 and 323 K. (b) Solid EC matrix
containing the PtOEP-DPA UC pair. (c) Digital photographs of the emis-
sion resulting from the PtOEP-DPA EC solution at 293 K and 323 K.
Reprinted (adapted) with permission.”” Copyright 2016 American Chemical
Society.

and therefore, simultaneously the signals of delayed fluores-
cence, as well as the signal of residual sensitizer phosphores-
cence will be observed.

Applying poly(methyl methacrylate (PMMA, My, = 350 kDa)
as the TTA-UC matrix, it was possible to demonstrate experi-
mentally thermally switchable emission between 2 main colors
- blue (the delayed fluorescence of the emitter, DPA) and
red (the phosphorescence of the sensitizer, PtEOP).”” Even
more, by carefully tuning the sample temperature it was
possible to suppress completely (by a lower temperature) the
delayed fluorescence signal, or vice versa — at higher tempera-
ture, to avoid any residual phosphorescence emission (Fig. 10).
This thermo-switchable behavior of TTA-UC was extended to
eco-friendly hydrogels.”®

The remarkable ability of the TTA-UC organic system to
emit 2 optical signals, namely delayed fluorescence (dF from
Fig. 3) and residual phosphorescence (rPh from Fig. 3), as a
reaction on a single external stimuli (modulation of the local
sample temperature and/or alteration of the local concen-
tration of the molecular oxygen), ensures in a natural manner
the so called ratiometric-type response.”® There is no necessity
to add an external species, whose optical response do not
depend on the acting environmental parameter, in order to
create a ratiometric sensing scheme. The physical processes
modulating the signals of dF and rPh are strongly different,
thus the TTA-UC sensing system ensures two independent
measurable parameters,®® originating from the same primary
optically excited triplet ensemble.**®

Beside these remarkable advantages, the sensing techniques
based on TTA-UC are seriously affected by their own sensitivity
- the process is influenced not only by local temperature and
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oxygen concentration, but also by local concentration varia-
tions of the active dyes, viscosity properties of the matrix and
the approaching of its glass transition temperature, lateral
intensity distribution of the excitation light, etc. The T-response
and O,-response of the TTA-UC system are interconnected,
causing severe experimental complications: as mentioned
explicitly in ref. 81 “.. .the local temperature change is probably
the single biggest source of error in optical sensors for oxygen...”.
Sample temperature is known to affect (a) the phosphorescence
quantum yield (QYphos) of the used dye; (b) the quenching
constant(s); (c¢) the solubility of oxygen; (d) the diffusion of
oxygen; and (e) the ability for singlet-triplet and triplet-singlet
transitions.?”*® On the other hand, even the presence of a small
(in the range of ppm O,) amount of molecular oxygen will
transform the T-response of an optically excited triplet ensem-
ble in a non-predictable manner.*”

Thus, to fully demonstrate the substantial advantages of the
TTA-UC process used as a T-sensing tool, creation of concepts
for effective oxygen diffusion suppression, as well as protec-
tion against the subsequent photo oxidation, caused by the
generated reactive singlet oxygen is a decisive requirement.
An effective solution of this experimental problem is the
performance of the TTA-UC process in a nano-confined
environment.>® Recently, a comprehensive review®* elucidating
the various protection strategies, applicable on the nanocon-
fined TTA-UC systems was published. Fig. 11 shows the most
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Fig. 11 Chemical strategies to prevent quenching of sTTA-UC by triplet
or singlet dioxygen. (a) Quenching of sensitized triplet—triplet annihilation
upconversion (sTTA-UC) emission by dioxygen via singlet oxygen genera-
tion. (b—d) Three chemical strategies for alleviating or suppressing the
oxygen sensitivity of STTA-UC bioprobes and drug delivery devices. In part b,
a physical barrier prevents the diffusion of O, into the nanoparticle; in part c,
exogeneous antioxidants quench ground-state (*0,) or singlet oxygen (*O,);
in part (d), the antioxidants are added in the formulation of the nanoparticle.
Reprinted (adapted) with permission.®* Copyright © 2018, Nature Publishing
Group, a division of Macmillan Publishers Limited.
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used protection strategies. Besides the application of physical
barriers, preventing oxygen diffusion (Fig. 11b) or usage of
exogenous antioxidants (Fig. 11c), interacting with all-types of
oxygen, the third example (Fig. 11d), where only the oxygen in
the excited singlet state is chemically bound, keeps all advan-
tages of TTA-UC as a sensing process. This fact explains the
intensive search for sacrificial singlet oxygen scavenging (SSOS)
materials, optimized for the process of TTA-UC.

It is important to state the selection criteria for SSOS-
materials: (i) the SSOS - molecules must bind chemically only
the singlet oxygen present in the sensing structure. The formed
oxidation products must be chemically stable for the tempera-
ture region of interest (Thax < 50 °C, if the T-sensing is applied
in biological samples®®). This requirement is of critical impor-
tance: if the SSOS-material works as a common antioxidant,
i.e. chemically binding even the molecular oxygen in the
ground state (at the given temperature), the O,-sensing feature
will be lost;*° (ii) the SSOS — molecules must show pronounced
hydrophobicity/amphiphilicity and be well miscible with organic
solvents/matrices. This requirement is basic: the TTA-UC process
is demonstrated up to now only in a hydrophobic/amphiphilic
environment. In order to achieve TTA-UC in a water environment,
it is necessary to embed the active moieties in oil-in-water
microemulsions,® core/shell nanocapsules®® or oil-laden
microcapsules,®” multiphasic protein hydrogels®® or an enzy-
matic environment;®° (iii) the SSOS - molecules must demon-
strate relatively low viscosity and in ideal case be in the liquid
state for the temperature region of interest; and (iv) SSOS-
molecules must be inherently bio-compatible and non-toxic.

An example of a TTA-UC system®® adapted for T-sensing in a
realistic, air saturated environment with the dF-spectrum, as
well as the rPh-spectrum optimally coinciding with the tissue
transparency window’" of the human skin is shown in Fig. 12b.
With the purpose of keeping the photodynamic stress for the
living organism on an acceptable level, the excitation intensity
for sensing is low, comparable with the intensity of 1 Sun,
simultaneously the excitation wavelength Aey. = 658 nm exhibits
minimal interaction with the surrounding tissue.

As shown in Fig. 12, the chosen biocompatible SSOS
moieties (squalene oil/peanut oil) ensure fast and efficient
chemical bonding of the dissolved molecular oxygen into the
TTA-UC matrix (even in an air-saturated environment). As a
result, after a short time interval (nearly At ~ 4 s), the optical
signals of dF and rPh reach their stationary values, Fig. 12a.
As common behaviour for soft matter based TTA-UC systems,
the intensity of the dF-signal grows when the sample tempera-
ture increases, and simultaneously, the rPh-signal decreases
substantially, Fig. 12b and c. The normalized ratio of these
stationary signals reveals the local (across the optically excited
spot) temperature. In Fig. 12d the non-ambiguous calibration
curve is shown.

Although the majority of organic materials embedding the
TTA-UC system, like squalene shark liver oil, peanut oil and
carnauba wax, are FDA-approved substances, it is absolutely
essential to prove the cell toxicity of the T-sensing system.
Therefore, sustainable and reproducible sensing data could

This journal is © The Royal Society of Chemistry 2022
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be obtained only after solving the experimental problems:
(i) across the optically excited spot, the present amount of
molecular oxygen must be chemically bound, in order to
exclude its influence on the dynamic behaviour of the signals
of dF and rPh. This could be done either by application of SSOS-
materials or by performing the T-sensing procedure in an
oxygen free environment (glove-box conditions); (ii) The diffu-
sion of oxygen towards the optically excited spot must be
controlled, for example by application of packaging materials.
Nevertheless, it is very elaborate to completely suppress the
oxygen diffusion in organic materials, a water environment, etc.
(as good as in inorganic glass/crystal materials). This experi-
mental fact limits the lifetime of the TTA-UC systems and the
T-sensing scheme based on them. In order not to confuse the
reader, it is always important to define explicitly the time span/
excitation intensities/concentration of oxygen/temperature con-
ditions, during which the TTA-UC systems are “air-tolerant”:
indeed, there are many TTA-UC systems able to emit dF and
rPh optical signals even in an air-rich environment, but with
continuously decreasing intensity; (iii) last, but not least, for
each TTA-UC material composition the cell toxicity test must
be performed. Only after determination of the cell toxicity
concentration, and working below it, the performed T-sensing
procedure could be stated as minimally invasive. The omission
of any of these experimental steps will influence the T-sensing
results in a non-predictable manner.

In Fig. 13, the cell viability test for T-sensing TTA-UC nano-
particles, based on UC-couple PATBP (Pd-meso-tetraphenyl
tetrabenzoporphyrin)/BDMBP  (3,10-bis(3,3-dimethylbutyl-1-yn-1-
yl)perylene) encapsulated in PMMA (poly(methyl methacrylate,
120 kDa))-shell and RBO (rice bran oil)-core, is shown.

In Fig. 14a the temperature-dependent luminescent spectra
of UCNC2 nanocapsules taken up by HeLa cells are shown,
together with the temperature calibration curve (Fig. 14b).

Performing the process of TTA-UC in a nanoconfined
environment, such as nanoparticles, nanocontainers or
micelles leads to a drastic reduction of the sensor physical
parameters, allowing the measured temperature to be stated as
a “local” temperature. Simultaneously in a nanoconfined
environment, the process of TTA-UC encounters additional
complications - i.e. the accelerated oxygen diffusion through-
out the 3D-interface of the nanosensor (NS) and relatively low
amount of SSOS-materials embedded in the NS-core. The oxy-
gen diffusion is modulated by the presence of surfactants and
mixture of hydrophobic NS-core materials with partial amphi-
philicity (natural oils and waxes). It is assumed, that diffusion
of oxygen throughout the 3D-interface of the nanosensor is
relatively slow process, and equilibrium is reached after rela-
tively long interaction time. So, the molecular concentration of
the oxygen, dissolved in the continuous phase (a water environ-
ment or cytoplasm) and the molecular concentration of the
oxygen, dissolved in the dispersed phase (nanosensor core) can
be treated as stationary. Therefore under certain experimental
conditions (i.e. given excitation intensity and/or given molar
concentration of the sensitizer) it will be possible to observe
approximately steady state UC-emission: in this case, the rate of

J. Mater. Chem. C, 2022, 10, 4533-4545 | 4539
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Fig. 12 (a) Temporal evolution of the signals of dF and rPh at a sample temperature of T = 22 °C. (b) Luminescence spectra of the UC-systems for

different sample temperatures; (c) temperature dependence of the signals of dF (at Znax = 630 nm, the blue dots) and rPh (at Anax = 850 nm, the red dots)
on the sample temperature; (d) temperature calibration curve — ratiometric response. Normalized ratio of the signals of dF/rPh as a function of the
sample temperature, demonstrated in (c). Experimental conditions for all measurements: material composition, as follows, 1 x 107> M PdBNP/2 x 104 M
MPh-MB-BODIPY/40 wt% carnauba wax/wt% 30 squalene/30 wt% peanut oil. The spectra are obtained at t = 4 s after starting the optical excitation. The
excitation intensity is kept constant, at 1 mW x cm™2 for all measurements; cw — diode laser at JAexc = 658 Nnm; an air saturated environment. Excitation
spot diameter d = 1.8 x 10~° m; sample thickness b = 4 x 10~* m. Reprinted (adapted) with permission.®® Copyright 2021 American Chemical Society.

oxygen diffusion through the NS-shell will be substantially
smaller than the rate of chemical binding of the oxygen inside
the NS-core. Even more, the intensity of the measured signals of
dF and rPh will approach to the signal-parameters measured in
an oxygen-free environment. Thus, for a limited time period,
the NS-core performs as an oxygen-free environment. The
duration of this period depend on the degree of contamina-
tion with oxygen, from the sample temperature and from the
diffusion of excited triplet states.

The experimental requirements for reproducible tempera-
ture sensing, based on the temperature dependence of the
TTA-UC process are summarized in Fig. 15. Here, the nano-
sensor is a micelle of non-ionic surfactant, embedding the
UC-active materials and the SSOS-moiety.

(i) The ratiometric-type response on a single external stimuli
(in this example, the sample temperature) is achieved, since the
TTA-UC system emits 2 optical signals, dF and rPh, each of
them with strongly different physical origin. Consequently,
both signals are modulated by the temperature in an indepen-
dent manner.

(ii) The process of excited triplet state quenching by the
molecular oxygen must be suppressed completely. Therefore,

4540 | J Mater. Chem. C, 2022,10, 4533-4545

first the UC-samples should be prepared in an oxygen-free
environment. Even more importantly, the penetration of mole-
cular oxygen into the optically accessed spot (the laser spot)
must be compensated. For the micellar TTA-UC system, shown
in Fig. 15, this is achieved by adding an efficient sacrificial
singlet oxygen scavenger (SSOS), used as emollient in the
process of micelle formation (squalene, Fig. 15c, structure 4).
Always, the amount of SSOS must correspond to the experi-
mental conditions: for instance, the micellar TTA-UC system
from Fig. 15 can function in reproducible manner only in a cell-
cultures, exposed to pronounced hypoxia.

(iii) The specific dF and rPh optical signals should be
registered when the system light emission reaches steady-
state conditions. For example, for the system shown in
Fig. 15, the signals after the first few seconds are stable enough.
In Fig. 15d and Fig. 15e the period for signal averaging is
marked with a rectangular.

(iv) It is very important to point out that no temperature
hysteresis is should be observed; as a result, it is possible to
create a non-ambiguous calibration curve, connecting the ratio
of the integral dF/rPh and the sample temperature (Fig. 15b).
Such lack of hysteresis can be obtained only if the problem of

This journal is © The Royal Society of Chemistry 2022
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Chemical Society. Note: further permission related to the material excerpted should be directed to the ACS.
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further permission related to the material excerpted should be directed to the ACS.
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(a) Dependence of the luminescence spectra of the micellar TTA-UC system. Material composition is as follows, PdTBP/perylene/squalene/

IGEPAL-CA630 in an aquatic environment on the sample temperature. The concentrations of the active materials are as follows, 1 x 107> M/2 x 10~4 M/
5 x 107* M/5 wt% in water; (b) temperature calibration curve: ratiometric response, representing the normalized ratio of the delayed upconverted
fluorescence and residual sensitizer phosphorescence as function of the sample temperature; (c) structure of the active materials, as follows: (1) meso-
tetraphenyl-tetrabenzoporphine Palladium (PdTBP); (2) dibenzlde kllanthracene (perylene); (3) octylphenyl-polyethylene glycol (IGEPAL-CA630);
(4) 2,6,10,15,19,23-Hexamethyl-2,6,10,14,18,22 -tetracosahexaene (squalene); (d) temporal dependence of the delayed fluorescence for different sample
temperatures; (e) temporal dependence of the residual phosphorescence for different sample temperatures. Conditions: the excitation intensity is
constant, 100 mW x cm™2 for all measurements; cw — diode laser 4 = 635 nm; excitation spot diameter — 1000 pm; sample thickness — 400 pm; an

oxygen-free environment (the samples are prepared and sealed in nitrogen-filled glove-box, 2 ppm O, residual concentration).

oxygen contamination and/or oxygen penetration is solved
successfully.

(v) The temperature sensing systems must pass a cell-toxicity
test, only then the sensing can be stated as minimally-invasive.

(vi) Many of the TTA-UC temperature sensing systems are
applied for testing of life-science samples. This requires not
only to match optimally with the tissue transparency window,
but also to demonstrate high sensitivity for the physiologically
important temperature region, centred at T = 37 °C. For
example, the ratio dF/rPh for the micellar system shown in
Fig. 15b is changed more than 100 times for a temperature span
of 27 degrees.

Nevertheless, it must be mentioned explicitly, that such
micelles of non-ionic surfactants (from the family of PTS,
IGEPAL-CA630, TritonX-100, etc.), embedding the TTA-UC
materials, demonstrate a crucial drawback: they show mechan-
ical instability - the micelles exist only in a liquid environment;

4542 | J Mater. Chem. C, 2022,10, 4533-4545

the presence of any solid state interfaces destroys the micelles.
Unfortunately, none of the reported TTA-UC systems up to now
fulfils the so stated experimental requirements abundantly:
either the sensitivity is moderate (Fig. 10a, 12d and 14b),
or the absence of residual phosphorescence signal (Fig. 7),
prevents observation of ratiometric response.

Conclusions

In this critical review (without the claim to be comprehensive),
we compare the dependences of the delayed fluorescence on
the sample temperature, generated via the thermally activated
delayed fluorescence and the triplet-triplet annihilation upcon-
version processes. Special attention was paid to the common
experimental appearance of the dynamical properties of the
delayed fluorescence arising either from TADF-systems, or by

This journal is © The Royal Society of Chemistry 2022
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TTA-UC ensembles. Simultaneously, the attention of the reader
was concentrated on the substantially different methods for
creating densely populated triplet ensembles. For the TADF-
solid state systems, the delayed fluorescence process is a
consequence of an electrical excitation; for soft matter
embedded TTA-UC organic systems, sensitizer molecules with
a large ISC-coefficient are present, combined with optical
excitation results in the observation of upconverted delayed
fluorescence, as well as residual phosphorescence. Further-
more, the enormous sensitivity of the TTA-UC process on the
local temperature was elucidated and the experimental require-
ments for reproducible, all-optical and minimally invasive
temperature sensing were stated.
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