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Chapter 1 General introduction

1-1 Triplet-triplet annihilation based photon upconversion

Photon upconversion (UC), converting low-energy photons to higher-energy photons, is a key method for
overcoming the efficiency limits of sunlight-powered devices, including photovoltaic cells and photochemical
hydrogen production. Conventional methods, such as second harmonic generation and multi-step excitation of
lanthanides, require light intensities that are orders of magnitude higher than the solar irradiance, and their low
conversion efficiencies detract from their appeal.! However, a promising strategy developed in the last decade
is workable with non-coherent, low-intensity light sources; namely, the sensitized triplet-triplet annihilation-
based photon upconversion (TTA-UC) in multi-component donor (D)-acceptor (A) systems (Fig. 1-1-1).213
This mechanism starts with the generation of donor (sensitizer) triplets (*°D*) by intersystem crossing (ISC)
from the photogenerated singlet state ('D*) and succeeding D-to-A triplet-triplet energy transfer (TET) to form
optically dark, metastable acceptor triplets (*A*). The subsequent diffusion and collision of two excited
acceptor triplets generate a higher energy excited singlet state (‘A*) through TTA,' from which the
upconverted fluorescence is emitted.
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Figure 1-1-1. Scheme for the mechanism of TTA-UC. A triplet state of donor 3D*, formed by intersystem
crossing (ISC) from the photo-excited (green arrow) singlet state D*, experiences triplet-triplet energy transfer
(TET) to an acceptor triplet 3A*. Two acceptor excited triplets annihilate to form a higher singlet energy level

1A*, which consequently produces upconverted delayed fluorescence (blue arrow).

The finding of TTA phenomena dates back to the 1960s' but until recently, TTA process has been
recognized as one of the deactivation processes to reduce the photocurrent in organic photovoltaic devices.
However, there has been renewed attention in this decade by the demonstration of efficient TTA-UC under

weak solar excitation.>*!°



1-2 Requirement for application of TTA-UC

Because of the advantages mentioned in the previous section, TTA-UC is highly expected to be applied
to the renewable energy production technologies or medical fields such as optogenetics. For applications of

TTA-UC to the real world, there are several factors needed to be evaluated;

(i) Conversion wavelength
(i1)) Upconversion quantum yield

(iii) Excitation intensity

For basic understanding and optimization of the TTA-UC mechanisms, these fundamental issues have
been studied mainly in solution system. In this section, we overview recent investigations of TTA-UC studies

from the viewpoint of these three factors.



1-2-1 Conversion wavelength

In the study of TTA-UC, the conversion wavelength is important for real-world applications. Especially,
near-infrared (NIR) to visible (vis) and vis to ultra-violet (UV) upconversion are much coveted from the
practical applications such as energy conversion devices or medical applications. Based on these demands,
various types of donor and acceptor combination have been developed. Among these progresses, a novel triplet
sensitization strategy arises and attracts much attention. This strategy aims to minimize the energy loss during
Si to Ty intersystem crossing of triplet donor molecules, which is fatal for NIR-to-vis or vis-to-UV UC.!” One
of the solution is to directly generate the triplet state of donor molecules with small or no energy loss.

18-20

Thermally activated delayed fluorescence (TADF) molecules, % chalcogenide nanocrystals?®?* or direct S-T

2326 are typical candidates of this strategy. By utilizing these novel triplet

absorption metal complexes
sensitizers, moderately high UC quantum yield of several percents have been achieved for both NIR-to-vis and
vis-to-UV UCs. Meanwhile, it is known that these donor molecules have short triplet lifetimes as compared
with typical aromatic compounds. Therefore, to realize efficient TET, it is necessary to adopt a specific

approach different from the conventional method which depends on molecular diffusion (Fig. 1-2-1).
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Figure 1-2-1. (a) Scheme for TTA-UC via conventional triplet sensitization routes that involve energy loss
during sensitizer S1-to-T1 ISC. (b) Scheme for TTA-UC via new triplet sensitization routes that contain small or
no energy loss due to the sensitizer ISC. (¢) Representative combinations of sensitizer and emitter and their

respective excitation and emission wavelengths. The widths of the anti-Stokes shift are also shown.”



1-2-2  Upconversion quantum yield

In general, a quantum yield is defined as the ratio of absorbed photons to emitted photons, and thus the
maximum quantum yield (@yc) for the bimolecular TTA-UC process is 50%. However, many reports multiply
this value by 2 to set the maximum quantum yield at 100%. To avoid the confusion between these different
definitions, the UC quantum yield is written as @yc’ (= 2 @yc) when the maximum efficiency is normalized to

100%. @uc’ is represented by the following equation,
Dy’ = f Disc Per PrraPa (1-2-1)

where @isc, @er, Drra, and @a represent the quantum efficiencies of donor ISC, donor-to-acceptor TET, TTA,
and acceptor emission.!!*” The parameter fis the statistical probability for obtaining a singlet excited state after
the annihilation of two triplet states. As can be seen from this equation, the improvement of the quantum yield
of each process is important to achieve high @uc’.

First, @;5c mainly depends on the performance of the donor. As aforementioned in the previous section,
the donor molecules can create their triplet state with high efficiency mainly thanks to the spin-orbital coupling
promoted by the heavy atom effect, respectively.!”?’ In typical solution systems in which energy transfer
process relies on the diffusion of molecules, @z can be quantitative because of the sufficiently long triplet
lifetime of the donor molecules under optimal concentration conditions. The parameter @7z varies depending
on the concentration of excited triplet acceptor species in the system. It increases as the excitation light is
intensified, and theoretically, reaches to 1. The requirement of reducing the excitation light intensity necessary
for achieving @774 of 1 will be described later. Regarding @, effects of reabsorption by the donor molecules

and concentration quenching should take into account when the sample conditions are optimized.



Finally, the parameter f is the statistical probability for obtaining a singlet excited state after the
annihilation of two triplet states. The possible energy levels involved in transition process are mainly Si, T»,
and quintet Q. Among them, the energy transferred to T, and Q is immediately inactivated and go back to the
ground state, lowering f factor. However, since Q is actually located at a very high energy level, its formation
probability can be considered to be zero. Therefore, only S| and T» are taken into consideration in practice.
Since T, is triply degenerated, the theoretical maximum value of f was initially considered to be 2/5 when
considering the transition probabilities to S; and T, are equivalent.>*® However, from recent experimental facts,
Monguzzi and colleagues reported that /=1 could be achieved by using an appropriate acceptor molecule for
the relationship between T» and 2T} levels.? According to this study, since the energy of T in utilized acceptor
molecule, perylene, is larger than that of the sum of 2T and thermal energy, the energy after TTA-UC all
transits to Si, resulting in /=1 (Fig. 1-2-2). Along with this fact, UC emission quantum yield @yc also reported

the highest value of 0.38 so far.
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Figure 1-2-2. Molecular structure and energy levels of perylene. The right column shows the sketch of the
TTA process involving four triplet pairs. In this case, where the T2 level is not energetically accessible, the
collision of four triplet pairs produces four singlet excited states. Thus f = 8/8 = 1, with a predicted maximum

internal quantum vyield as 0.5.2°



1-2-3  Excitation intensity

In the practical applications of UC light emission, lower excitation intensity for ideal UC efficiency is
preferable if the same UC quantum yield can be obtained. For example, from the viewpoint of utilizing sunlight,
the sum of the energy irradiated from the sun is about 100 mW c¢m™, and this value is naturally reduced in a
specific wavelength region.'® Also, in biological applications, it should be avoided to irradiate a human body
with a strong coherent laser. To evaluate the excitation light intensity necessary for efficient TTA process, a
figure-of-merit parameter called threshold excitation intensity, s, is proposed.’® I, is the excitation light
intensity at which @4 is 0.5, which is derived from the relationship between the UC emission intensity and
the excitation light intensity. When the UC emission intensity is plotted against the excitation light intensity as
a double-logarithmic chart, /; value is provided as a changing point of the slope from 2 to 1, which is derived

from the following rate equations:*°

0Tp /0t = a(E)lpye — kETp — ke Th (1-2-2a)
0Ty /0t = ke Tp — kiTa — YrraTy (1-2-2b)
0S,/0t = 0.5fypraT? — k35S, (1-2-2¢)

where 7p and T represent the population of the donor and acceptor excited triplets, respectively and S4 shows
acceptor excited singlets. The a(E) and /... show the absorption coefficient of the donor and excitation intensity.
¥ rra 1s the rate constant of the TTA, and £ is the decay rate constant, and the subscripts D, A represent donor
and acceptor, respectively. Equation (1-2-2) can be used to solve the steady-state conditions. When the
excitation light intensity is weak, it can be regarded as k} T, > yrraT# because the thermal deactivation of

the acceptor triplet is dominant, and SA can be described as;

2
Ker

Y1TA kT
kj' kg + k¢,

S, = 0.5f [e(E)exc]? o IZye

(1-2-3)

where the UC emission intensity is proportional to the square of the excitation light intensity. Therefore, the
slope of the double logarithmic plot becomes 2. On the other hand, under conditions where the excitation light
intensity is sufficiently strong, Ts becomes large and it can be regarded as k1T, < yrraT# because T spices
immediately causing TTA with the neighboring 7. Then the equation (1-2-2) can be solved as;

ker

k£+—krr @ (E)oxe o loxc

1
SA = O.ka_s
A

(1-2-4)

where the UC emission intensity is directly proportional to the excitation light intensity, leading to the slope

of the logarithmic plot becomes 1.



I» value is obtained from the intersection of these two lines with slopes 2 and 1, and that is finally

represented by:
Iy, = (@(E)®gr8nDragtr?)™t  (1-2-5)

where 77 is the lifetime of the acceptor triplet and triplet diffusion constant Dris described as yrr = \/FDT
for three-dimensional diffusion systems.To understand the meaning of /,; value, it is noteworthy that diffusion
constant Dris included in the equation. Considering the applied approximate expression, it is apparent that /
can be minimized when the value of Drbecomes large. This can be understood because the faster the molecular
diffusion, the larger the probability of molecular collisions. From this viewpoint, low [, is expected for TTA-
UC exhibiting fast molecular diffusion in a low-viscosity solvent. In the THF solution system using PtOEP as
a donor molecule and 9,10-diphenylanthracene (DPA) as an acceptor molecule, a considerably low value of 7y

= 0.3 mWcm™ has been reported. !

As mentioned above, TTA-UC in solution has been studied so far by taking advantage of the fast diffusion
of component molecules. As chromophores utilized for TTA in solutions usually exhibit less intermolecular
interactions, it is possible to make use of the inherent high emission quantum yield under the molecularly
dispersed condition. Moreover, the fast molecular diffusion in a low viscous solvent (typically Dr of ~107
cm?s! order)?! can efficiently cause the molecular collision process. However, for the most of applications of
TTA-UC to the real-world devices, solid-state systems are highly preferable since they are free from volatile
and toxic organic solvents. In such solid systems, molecules involved in TTA would not be able to diffuse
freely as the ones in solution. Therefore, in order to achieve the ideal conditions as discussed in this section, a

strategy different from the conventional way is required.



1-3 Energy migration-based TTA-UC

To achieve solid-state TTA-UC, several strategies to overcome the fundamental issues have been
proposed in current TTA-UC studies. One is described as molecular diffusion-based TTA-UC in rubbery
polymer matrices. Castellano, Weder, Kim, and coworkers have reported highly efficient TTA-UC by
dispersing donor and acceptor dyes in soft rubbery polymers,®32-** but the inevitably slow molecular diffusion

in the solid-state remains as an essential challenge for further improvement.

On the other hand, a few groups have proposed the triplet energy migration-based photon upconversion
mechanism (TEM-UC) for solid-state upconverters. In these systems, donor molecules ared doped in acceptor
assemblies, thus promoting TET from the donor to the adjacent acceptor molecules and consequent triplet
energy migration in densely aligned acceptor arrays (Fig. 1-2-3).>>*! In this section, the merits and challenges

of TEM-UC in current studies will be provided.

Par Y
Triplet energy migration-based photon upconversion (TEM-UC)

Excitation Upconverted emission
D !'
.
* TTA ‘
B
Triplet energy migration (TEM)
\ 4

Figure 1-2-3. Scheme of the concept of triplet energy migration-based photon upconversion (TEM-UC). The
objects marked D and A represent triplet donor and acceptor molecules, respectively. In this system, excitation
(green arrow) of donor molecules is followed by a sequence of TET, TEM in the acceptor arrays, TTA between

the excited acceptors, and higher energy UC emission (blue arrow).3°



1-3-1 Advantages of TEM-UC
Oxygen barrier property

The UC emission is sensitive to air because the triplet excited state is readily quenched by molecular
oxygen and this is inevitable in ambient solution systems. In recent year, several methods to avoid this situation
have been proposed. One strategy is to introduce active oxygen-consuming materials into the system. The
consumption of oxygen by chemical reaction lowers the oxygen concentration around the upconverter and
makes it possible to observe stable UC emission even under ambient conditions. For example, oleic acid and

3344 are typical

linoleic acid with unsaturated double bonds***} and hyperbranched unsaturated polyphosphate
examples employed in this strategy. However, considering the fact that the scavenger is gradually consumed
by the chemical reaction, the long-term stability of these systems remains unclear.

Another strategy is to suppress penetration and diffusion of oxygen by dispersing chromophores in a rigid
or a highly viscous medium. In the former case, by designing an acceptor molecule to form an amorphous
glass phase, oxygen concentration in the system can be reduced.’® In latter case, the introduction of non-
covalent intermolecular interactions such by hydrogen bonding in matrixes improves their cohesive energy
density, and consequently the diffusion of oxygen can be suppressed.’***>%¢ This has been achieved with
hydrogen bonding polymers with high glass transition temperatures and non-covalent gels.

The TEM-UC system can make full use of the advantages of such a rigid medium. This is because the
application of TEM makes it possible to realize expect efficient TTA-UC even in a rigid medium due to the

triplet diffusion being independent from the molecular diffusion. In fact, TEM-UC in the gel utilizing non-

covalent bonding showed both high oxygen stability and good 7, value at the same time (Fig. 1-3-1).%°

J TTA,
TET Triplet Upconverted
migration  emission

/

Figure 1-3-1. A schematic representation of the unit supramolecular structure of the upconversion gel system.
Donor (red) and acceptor (blue) molecules are incorporated in the LBG nanofibers as extended domains. The
donor molecules are excited by long-wavelength light, followed by a sequence of TTET, TEM, TTA and delayed

fluorescence from the upconverted singlet state of acceptor molecules.



Triplet diffusion coefficient

In the TEM-UC system, the triplet energy transfer does not occur via molecular diffusion, but rather the
diffusion of triplet energy itself. The triplet energy transfer occurs via the electron exchange mechanism, so
sufficient overlap of wave functions is required between the donor and acceptor for TET, and also in-between
acceptors for TEM. The typical Dexter radius is considered to be less than 1 nm.*! In condensed materials,
especially in single crystals, very fast triplet diffusion occurs if such proper conditions are satisfied.*’” For
example, the triplet diffusion coefficient Dr of (0.5-2) x 10 for anthracene single crystals***° or 1.3 x 10 for
pyrene single crystals®® have been reported. In such media, it is to note that um-order-triplet diffusion lengtsh
have been achieved.

Although low [ is observed in the solution system, the intensity of the excitation light for exerting the
maximum @Dyc’ is typically one order of magnitude larger than I,,. However, in the solution system, as the
diffusion of molecules determines the triplet diffusion coefficient, further improvement in /; under conditions
of realistic acceptor concentration cannot be expected. On the other hand, if high triplet diffusion coefficient
as mentioned above is realized in the TEM-UC system, it has the potential to maximize the quantum yield
under an extremely low excitation light intensity, which has been difficult in the past solution system.

For the TEM-UC-based researches in recent years, Kamada, Hanson, and Kimizuka groups have reported
low I values typically in ca. 10 mWcm™2.384%5! These values are actually still insufficient, but the researches

pointed at the right direction for TEM-UC study.

Triplet lifetimes

As another point of view, triplet lifetime is a significant parameter which affects /. The reason can be
understood as their quadratic dependence of /5 on the triplet lifetime of the acceptor molecules, which
described in Equation (1-2-5). Generally, in solution media, the rate constant for nonradiative deactivation of
the triplet species increases due to the thermal relaxation processes including rotation and vibration between
covalent bonds, resulting in shorter triplet lifetimes. On the other hand, owing to the suppression of such
motions in the solid state, it is expected that a very long triplet lifetime is realized as compared with that in
solution. For example, the triplet lifetime of 20-22 ms for anthracene single crystals has been reported>?

whereas that value was reduced to ca. 1.7 ms in diluted solutions.>
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1-3-2 Challenging issues for TEM-UC

As mentioned in the previous section, the potential of TEM-UC could not be fully extended with the
conventional molecular diffusion-based TTA-UC systems. Meanwhile, there exist some challenging issues
needed to be overcome with the TEM-UC system. These problems arise mainly because two different
molecules, donor, and acceptor, should coexist in the condensed media for TTA-UC. In this section, these

1ssues will be summarized.

Phase separation

The donor and acceptor molecules used for TTA-UC exert inherent structural differences and accordingly
they show different optical characteristics such as absorption and emission regions. In particular, the difference
is remarkable in the new type of donor molecules recently developed for NIR-to-vis and vis-to-UV UCs.
Therefore, in the TEM-UC system, especially for a crystalline media in which fast and efficient triplet energy
diffusion is expected, it is necessary to avoid phase separation between the donor and acceptor molecule. In
fact, phase separation has been observed in typical chromophore combination for TTA-UC (9,10-
diphenylanthracene (DPA) and platinum octaethylporphyrin (PtOEP) or their derivatives), which resulted in a
decrease in the energy transfer efficiency and subsequently decrease in the UC quantum yield. The system
using molecular crystals reported by Monguzzi and coworker (Fig. 1-3-2a)!! or chromophore-blanched
copolymer system developed by Weder and Simon et al (Fig. 1-3-2b)** are typical examples. In these systems,

they did not mention the UC yields probably because the values were too low to be determined.

DAL a
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Figure 1-3-2. Photoluminescence from TTA-UC pairs in condensed media. (a) DPA-PtOEP molecular crystal
system and (b) chromophore-blanched copolymer system. In both cases, strong phosphorescence from

donor molecules has been observed.
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Deactivation pathways for upconverted energy

In recent years, a few strategies have been reported to overcome the phase separation problem in
crystalline TEM-UC systems. For example, the modification of acceptor units with flexible alkyl chains can
create room for donor molecules to be accommodated in acceptor crystals.® This strategy, unfortunately,
resulted in detracting the advantages of crystalline systems; the reduction of crystal regularity was necessary
for homogeneous donor accommodation, which inhibited the rate and efficiency of energy diffusion. In such
condition, defects caused by disordered structures were suspected to act as quenching sites for excitons and
largely reduced the UC efficiency.

In another point of view, owing to the condensed material characteristics of TEM-UC in the solid state,
some specific deactivation pathways exist through which the UC quantum yield degrades. Although the large
orbital overlap among acceptor moieties is required for the fast triplet energy migration, it often decreases the
acceptor fluorescence efficiency through various non-radiative deactivation pathways in the assembled state.
In addition, since the donor and acceptor molecules are highly condensed, a certain part of the upconverted
singlet energy is consumed by undesirable back energy transfer from the acceptor to the donor. The last issue
should become more serious for new triplet donors such as semiconductor nanocrystals and singlet-to-triplet
(S-T) absorption metal complexes, that are recently developed for NIR-to-vis TTA-UC, due to the large
overlapping between the donor absorption and the acceptor emission.!72!-2426.35 Therefore, development of a
rational strategy is highly desired to solve these issues based on the understanding of exciton behaviors in the

condensed state.
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1-4 Survey of this thesis

The main purpose of this thesis is to establish a rational design for the triplet energy migration-based

photon upconversion systems by introducing the molecular self-assembly concept.

Chapter 2 describes that the first supramolecular triplet-energy-harvesting system that shows energy-
migration-based TTA-UC instead of the conventional molecular-diffusion-based mechanism. A newly
developed lipophilic 9,10-diphenylanthracene-based emitter molecule functionalized with multiple hydrogen-
bonding moieties spontaneously coassembled with a triplet sensitizer in organic media, showing efficient
triplet sensitization and subsequent triplet energy migration among the preorganized chromophores. This
supramolecular light-harvesting system shows the high UC quantum yield of 30% optimized at low excitation
power in deaerated conditions. Significantly, the UC emission largely remains even in an air-saturated solution,

and this approach is facilely applicable to organogel and solid-film systems.

On
'cJLk/\/\o'R

R= —(CH,),—CH, ("zdh N\/\/°~R
I

Al Il

— gL PtOEpa

Excitation

TET:

TTA, Upconverted emission

Figure 1-4-1. A graphical abstract for Chapter 2, entitled “Highly Efficient Photon Upconversion in Self-

Assembled Light-Harvesting Supramolecular Systems”.
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Chapter 3 describes that a kinetically-controlled crystal growth approach which improved the
dispersibility of donors in acceptor crystals and consequently increased the efficiency of TEM-UC. We applied
the kinetic control concept to improve the miscibility of donor PtOEP and acceptor DPA in nanocrystals. For
this, we adopted a colloid chemistry approach; different condition of tetrahydrofuran (THF) solutions of DPA-
PtOEP were injected into aqueous cetyltrimethylammonium bromide (CTAB). Upon the diffusion of injected
THEF solution into the aqueous phase, nucleation of water-insoluble aromatic crystals occured. Absorption of
CTAB molecules on the resulting crystal surfaces during the crystal growing process would reduce their
interfacial energy, thus enhancing the dispersion stability of the crystals. It was found that increasing the
concentration of DPA-PtOEP caused faster crystallization of DPA, which allowed the PtOEP molecules to be

kinetically trapped in the DPA crystals with improved dispersibility.

Diluted Condition

THE solfion Composite crystals
Slower crystal growth PtOEP
, aggregate\ AR
- Injection / SO
= -~ 1 - ’ ’
Water solution \ e W
O \ » : + Lower donor dispersibility

- Lower TTA-UC efficiency

OOO Kine,tiqallxeco,ntlr}olIevd
1 Crystal Growth
/ O @ Composite Cryslals\

DPA PtOEP ® o L

THF solution \ CTAB J )| r ‘A(.
& 47
g *\, &

Injection :

<>~
Faster crystal growth - Higher donor dispersibility
\ - - Higher TTA-UC efﬁciery
Saturated Condition

Figure 1-4-2. A graphical abstract for Chapter 3, entitled “Kinetically-Controlled Crystal Growth Approach to

Enhance Triplet Energy Migration-based Photon Upconversion”.
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Chapter 4 describes that ionic interactions can realize aggregation-free dispersion of donor molecules in
acceptor ionic crystals without losing the high crystal regularity. As a proof-of-concept, one of the simplest
anionic acceptors 9,10-anthracenedicarboxylate (ADC) was combined with dicyclohexyl ammonium (DCA)
cations to form ionic crystals (DCA)2ADC. When the ionic crystals were prepared in the presence of an anionic
donor, palladium mesoporphyrin (PdMesoP), the donor molecules were successfully introduced into the
crystals. Remarkably, accommodated donor molecules were found to be molecularly dispersed, resulting in
quantitative donor-to-acceptor TET. The impact of the crystal defects upon TTA-UC properties was proven for
the first time by comparing the UC efficiency and the emission decay profiles of single crystals and
mechanically-ground powder samples. This work offers a clear answer to the long-standing questions; what

makes the UC efficiency in crystalline systems low, and how to rationally achieve efficient UC in solid crystals.

Nonionic donor . lonic donor ‘

lonic acceptor crystal

Dispersed
donor

emission

Donor + Quantitative TET

Low TET efficiency aggregate - High @y,

Figure 1-4-3. A graphical abstract for Chapter 4, entitled “Rational Strategy for Photon Upconversion Crystals:

Aggregation-free Sensitizer Accommodation in lonic Crystals with Less Defects”.
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Chapter 5 describes that the UC efficiency can be largely improved by the introduction of a third
component, highly fluorescent singlet energy collector, to the lipophilic acceptor A2 and PtOEP combination
for improving the fluorescence quantum yield and avoiding the back energy transfer to the donor. In this work,
we introduced, 2,5,8,11-tetra-tert-butylperylene (TTBP) an energy collector, whose absorption has a larger
spectral overlapping with the acceptor fluorescence than that of the donor-acceptor two-component system.
By the addition of TTBP, the UC efficiency was successfully improved from 4.2% to 9.0%. To understand this
observation, we carried out various experiments to study the basic behavior of excitons in the condensed films.
By analyzing the dynamics of acceptor singlet state, we found that the delocalized singlet excitons with a long
lifetime of 29.7 ns give a significantly long singlet diffusion length of 26.1 nm. Furthermore, since the donor
PtOEP and the collector TTBP are fixed in a spatially separated manner in the A2 film, the singlet back energy
transfer from TTBP to PtOEP was completely suppressed, which has been difficult to achieve with the previous

donor-acceptor two-component systems.

. wt

< Donor > € Acceptors ————— | Energy collector ‘
Sia
SET
\VAAVALV ALV AV,
. S
S 1,C
_lt’D Tio TTA Singlet EM
ISC TeT Tia
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emission
L 4 \ 4

UC energy collection

emission

Slnglet EM

No back SET

Figure 1-4-3. A graphical abstract for Chapter 5, entitled “Donor-Acceptor-Collector Ternary Crystalline Films

for Efficient Solid-State Photon Upconversion”.
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Chapter 2 Highly Efficient Photon Upconversion in Self-Assembled
Light-Harvesting Supramolecular Systems

Abstract

To meet the world’s demands on the development of sunlight-powered renewable
energy production, triplet—triplet annihilation-based photon upconversion (TTA-UC) has
raised great expectations. However, an ideal highly efficient, low-power, and in-air, TTA—
UC has not been achieved. Here, we report a novel self-assembly approach to achieve
this, which enabled highly efficient TTA-UC even in the presence of oxygen. A newly
developed lipophilic 9,10-diphenylanthracene-based emitter molecule functionalized
with multiple hydrogen-bonding moieties spontaneously coassembled with a triplet
sensitizer in organic media, showing efficient triplet sensitization and subsequent triplet
energy migration among the preorganized chromophores. This supramolecular light-
harvesting system shows the high TTA-UC efficiency of 30% optimized at low excitation
power in deaerated conditions. Significantly, the UC emission largely remains even in an
air-saturated solution, and this approach is facilely applicable to organogel and solid-film

systems.
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241 Introduction

A promising strategy developed in the last decade is workable with non-coherent, low-intensity light
sources; namely, the sensitized triplet-triplet annihilation-based photon upconversion (TTA-UC) in
multicomponent donor-acceptor systems (Fig. 2-1-1).1"12

Although the researchers have demonstrated the proof-of-principle improvement of photovoltaic and
photochemical devices by integrating TTA-UC materials,'>"! the insufficient TTA-UC efficiency and strict
deaeration process for avoiding oxygen quenching of triplet state make them far from real-world applications.
To overcome this situation, there are three major challenges with TTA-UC. First, it is desired to develop UC
systems that display quantum efficiencies exceeding the current record of 26%'° (the theoretical maximum is
defined as 50% for two-to-one photon conversion process'?). Second, the rational design of molecular systems
that work under low excitation light intensities is required so that the lower-energy component of sunlight can
be upconverted. Third, TTA-UC systems that operate under aerobic conditions need to be developed, which
requires suppressing the massive quenching of the triplet excited states by molecular oxygen. In conventional
TTA-UC systems, the donor and acceptor molecules are dissolved in low-viscosity solvents, where the UC
emission is largely quenched by dissolved oxygen.>*!%!2 To avoid this, donor and acceptor molecules have

81617 or viscous liquid mixtures.”!* However, the consequent slow diffusion

been dispersed in solid polymers
of dye molecules in these matrices inevitably lowered the TET and TTA efficiencies, which necessitated the
use of undesirably high excitation power.

Here, we report the first supramolecular triplet-energy-harvesting system that shows energy-migration-
based TTA-UC instead of the conventional molecular-diffusion-based mechanism. In contrast to the extensive

18,19

applications of singlet energy transfer and migration in supramolecular assemblies,'*'” studies on triplet energy

20-22 23-25

migration have been largely limited to the field of solid-state physics and photofunctional polymers.
Although energy-migration-based UC emission has been recently reported by us and others***, there exist no
systems that fulfill all of the requirements above. To achieve these goals, it is imperative to improve the
migration rate and range of triplet excitons and to develop molecular designs for reducing the collision with
oxygen molecules. We have designed a novel amphiphilic acceptor Al (Fig. 2-1-2) that possesses a
solvophobic 9,10-diphenylanthracene (DPA) unit and solvophilic ether-linked alkyl chains that are connected
via L-glutamate linkers with multiple amide groups.

As a design strategy for assembled structure of the acceptor in organic solvent, both the solvophobic and
solvophilic properties are carefully selected.’! Phenyl rings in DPA moiety selected as a chromophore part may
impair the molecular orientation orderliness in two-dimensional molecular structure due to the steric hindrance.
So six amide groups are introduced as a hydrogen bonding functional group in order to increase the cohesive

force.3>3* Besides, in order to improve the solvophilicity, dialkyl type-alkyl chains containing flexible ether

bonds are introduced.?*
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Figure 2-1-2. Schematic illustration of the basic self-assembly structure. Acceptor molecules (A1)
spontaneously self-assemble in solution and donor molecules (PtOEP) efficiently bind to the self-assemblies
by solvophobic interaction. Upon photoexcitation of donor molecules by green light, donor-to-acceptor TET is
followed by triplet energy migration among the acceptor networks. It leads to efficient TTA between acceptor
triplets and consequent upconverted blue emission from the acceptor excited singlets. The excited triplet

species are effectively protected against the quenching by molecular oxygen in the self-assembled structures.

DPA has been employed as a benchmark acceptor in TTA-UC.>7!%!2 The amide group-enriched L-
glutamate connector has been employed to impart chirality and hydrogen bonding networks that improve
control of molecular orientation and thermal stability.?>33* The acceptor Al self-assembles in organic media
that efficiently uptake donor Pt(Il) octaethylporphyrin (PtOEP) molecules, giving supramolecular donor-
acceptor nanohybrids. They show efficient donor-to-acceptor TET as well as fast triplet energy migration
among aligned acceptors, leading to a high UC quantum yield at low excitation power. Remarkably, the TTA-
UC emission is mostly preserved even in the air-saturated condition. Furthermore, the in-air TTA-UC emission
was also observed in different important material forms such as gels and solid films, demonstrating the

universality of the supramolecular triplet-harvesting strategy.
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2-2 Experimental section
2-2-1 General information

Materials

All reagents and solvents were used as received otherwise noted. The detailed synthetic procedure and
characterizations of the new acceptor Al are written in the Supplementary Information. Platinum(II)
octaethylporphyrin (PtOEP) was purchased from Sigma Aldrich. For spectroscopic measurements, we used

analytical grade chloroform purchased from Wako Pure Chemical.

Characterizations

"H NMR (300 MHz) spectra were measured on Bruker DRX-300 spectrometer using TMS as the internal
standard. Elemental analysis was conducted at the Elemental Analysis Center, Kyushu University. Atomic
force microscopy (AFM, tapping mode) was carried out using an Agilent PicoPlus 5500. UV-vis absorption
spectra were recorded on a JASCO V-670 spectrophotometer. Luminescence spectra were measured by using
a PerkinElmer LS 55 fluorescence spectrometer. The samples were excited with an incidence angle of 45° to
the quartz cell surface and the fluorescence was detected along the normal. The absolute quantum yields were
calculated using a Hamamatsu C9920-02G instrument. Time-resolved photoluminescence lifetime
measurements were carried out by using time-correlated single photon counting lifetime spectroscopy system,
HAMAMATSU Quantaurus-Tau C11367-02 (for fluorescence lifetime)/C11567-01(for delayed luminescence
lifetime). The quality of the fit has been judged by the fitting parameters such as y? (<1.2) as well as the visual
inspection of the residuals. The upconversion luminescence emission spectra were recorded on Otsuka
Electronics MCPD-7000 instrument with the excitation source using an external, adjustable 532 nm

semiconductor laser.

Determination of TTA-UC Emission Quantum Efficiency

The upconversion luminescence quantum efficiency (@uc) of a chloroform solution containing A1 and
PtOEP ([A1] = 10 mM, [PtOEP] = 10 uM) was determined relative to the DPA-PtOEP UC pair in deaerated
tetrahydrofuran ([DPA] = 10 mM, [PtOEP] = 100 uM) according to the following equation'?

Pue = P (320) (29) () (2e) ®)
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where @uc, Auc, luc, Puc and nyc represent the quantum yield, absorbance at the excitation intensity (532 nm)
integrated photoluminescence spectral profile, excitation power density, and refractive index of the medium.
The corresponding terms for the subscript “std” are for the reference quantum counter of DPA-PtOEP pair in
deaerated tetrahydrofuran at the identical excitation wavelength. The theoretical maximum UC quantum
efficiency is 0.50 since the TTA-UC process uses 2 photons to produce 1 photon. The reflective index of
chloroform and tetrahydrofuran are 1.44 and 1.41 at 293 K, respectively. The UC quantum yield of reference
is known as 0.26 at its maximum.!® Note that the comparison between different UC systems should be based
on the careful examination of experimental conditions, since UC quantum yield of DPA-PtOEP is known to
depend strongly on the experimental conditions, such as chromophore concentration, solvent, and excitation

power, even if the employed donor and acceptor are identical.'?

2-3 Synthesis of acceptor molecule A1

Acceptor molecule, A1, was synthesized by following scheme 1.

Scheme 1. Synthetic procedure of acceptor molecule A1.

0 H
¢ ¢ R WSC HOBT R\o/\/\zJHC‘N\Boc
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2-3-1  Synthesis of Boc-Glu-C30C12.

0 H
0 0 WSC HOBT R U N
Ho oH R‘o/\/\NHz 0 "N H(é‘ *Boc
CH.CI, R/O\/\/I:l (CHa)
~Boc H

R= —(CH;)11—CHs
Boc-Glu-C.OC ,

3-(dodecyloxy)propylamine 12.7 ml (0.044 mol), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 8.43
g (0.044 mol), and 1-hydroxybenzotriazole 5.95 g (0.044 mol) were added to N-(tert-Butoxycarbonyl)-L-
glutamic acid 4.94 g (0.02 mol) in 400 ml distilled dichloromethane and reacted for 48h at the room
temperature in Ar. After the reaction, the solution was washed several times with NaHCO3 aqueous solution
and with water, dried over anhydrous Na,SOs. Evaporation of the organic layer under reduced pressure
followed by reprecipitation (methanol/water) and column chromatography (dichloromethane/methanol) over
silica gel yielded the pure Boc-Glu-C30C; solid (yield: 88%). '"H NMR (300 MHz, CDCls): § = 0.86-0.91 (t,
6H), 1.26 (m, 36H), 1.44 (s, 9H), 1.56-1.62 (m, 4H), 1.73-1.81 (m, 4H), 1.90-2.09 (m, 2H), 2.21-2.32 (m, 2H),
3.32-3.53 (m, 12H), 5.72-5.75 (d, 1H), 6.44 (t, 1H), 6.95 (t, 1H). ESI-MS: calculated for C4H79N30s 698.07;
found 698.65 [M"].
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2-3-2  Synthesis of Glu-C;0C.

hO H o
R N R H L NH
*0">"“N"HC* Boc CF,COOH ‘0N He* 2
R/O\/\\/'Iq (éHZ)Z CH2C|2 R/O\/\/* (éHz)z
H H
Boc-Glu-C.OC, Glu-C OC,,

Boc-Glu-C;0C;2 2.09 g (3.0 mmol) was dissolved in 150 ml of distilled dichloromethane and cooled by
an ice bath. A large excess of trifluoroacetic acid (6.88 ml) was added to this solution and stirred at the room
temperature for 12 h. The solvent removal by rotary evaporation gave an oily product. This product was
dissolved in 10 mL. THF and poured into 150 mL aqueous solution saturated with NaHCOs. After filtration,
the product was purified by recrystalization in methanol/ethyl acetate to give a colorless solid Glu-C;0Ci»
(vield: 94%). '"HNMR (300 MHz, CDCl5): & = 0.88-0.90 (t, 6H), 1.26 (m, 36H), 1.59 (m, 4H), 1.73-1.80 (m,
4H), 1.82-2.05 (m, 2H), 2.27-2.32 (m, 2H), 3.32-3.51 (m, 12H), 6.48 (t, 1H), 6.44 (t, 1H), 7.60 (t, 1H).

2-3-3  Synthesis of DPA-2COOMe

(o o)
CsF, Pd[P(C¢H5);]4

SOGRE
DME

HO- ~OH

DPA-2COOMe

A mixture of 2.12 g (11.8 mmol) 4-methoxycarbonylphenylboronic acid, 1.80 g (5.4 mmol) 9,10-dibromo
anthracene, 2.60 g (24.2 mmol) CsF and 187 mg (0.61 mmol) Tetrakis(triphenylphosphine)palladium(0) were
placed in a 300 ml flask under Ar, and 100 ml of degassed 1,2-dimethoxyethane were added. After refluxing
under Ar for 60 h, the solvent was removed to give a yellow residue. This obtained solid was suspended in 35
ml water and extracted with 100 ml of CHCls. After drying the organic phase over MgSO4 and removing the
solvent, the product was purified by column chromatography (CHCls) over silica gel to yield of a yellow
powder (yield: 21 %). '"H NMR (300 MHz, CDCl3): & = 4.02 (s, 6H), 7.32-7.38 (m, 4H), 7.56-7.61 (d, 4H),
7.61-7.64 (m, 4H), 8.28-8.31 (d, 4H). ¥

25



2-3-4  Synthesis of DPA-2COOH

1) NaOH O
e, MO0
SO

DPA-2COOH

THF, H,0

DPA-2COOMe

To a suspension of 288 mg (0.65 mmol) DPA-2COOMe in 75 ml 1:1 mixture of THF/MeOH, 15 ml of a
2M KOH aqueous solution was added. The mixture was allowed to reflux for 3 h. THF was removed under
reduced pressure, and the resulting suspension was diluted with water. The precipitate formed by acidification
with aqueous HCI (2M) was collected by filtration, washed several times with water yielding 227 mg (84 %)
of a pale yellow solid. 'H NMR (300 MHz, ds-DMSO): § = 7.44-7.49 (m, 4H), 7.51-7.58 (d, 4H), 7.60-7.67
(m, 4H), 8.21-8.32 (d, 4H) 13.16 (s, 2H). 37**

2-3-5 Synthesis of DPA-2(L)Glu (A1).

o

Cl/g\CI cl
—m ™ O
CH,CI, o cl

DPA-2COO0CI

R= — (CHy);;—CHj

3 ml of distilled benzene and 1 ml of thionyl chloride were added to 145 mg (0.35 mmol) of DPA-2COOH
placed in a 10 ml flask under Ar. This mixture was refluxed for 3 h with catalyst quantity of DMF. After
removing the solvent and excess thionyl chloride under reduced pressure, residual yellow solid was dispersed
into 25 ml of distilled dichloromethane, and this solution was added dropwise to 623 mg (1.04 mmol) Glu-
C;0C1; dissolved in 25 ml of distilled dichloromethane under Ar. This mixture was stirred at the room
temperature for 2h. After the reaction, the solution was washed several times with NaHCOj3 aqueous solution
and with water, dried over anhydrous Na>SO4. Evaporation of the organic layer under reduced pressure and
column chromatography (chloroform/methanol) over silica gel yielded the 403 mg of pale yellow solid. 'H
NMR (300 MHz, CDCls): 6 = 0.81-0.92 (t, 12H), 1.16-1.38 (m, 74H), 1.49-1.57 (m, 8H), 1.73-1.90 (m, 8H),
2.14-2.46 (m, 2H), 2.50-2.68 (m, 2H), 3.34-3.47 (m, 16H), 3.47-3.58 (q, 4H), 4.59-4.71 (q, 2H) 6.45-6.52 (t,
2H), 7.17-7.25 (t, 2H), 7.30-7.40 (q, 4H), 7.55-7.61 (d, 4H), 7.61-7.67 (q, 4H), 8.13-8.20 (d, 4H) 8.44-8.51 (d,
2H). Elemental analysis: calculated for H 9.96 C 74.58 N 5.32; found H 9.93 C 74.40 N 5.25.
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2-4 Results and discussion

2-4-1 Assembled structure of A1

The new acceptor Al was synthesized and fully characterized, and its assembled structure in chloroform
was studied by '"H NMR spectroscopy, absorption spectroscopy, and atomic force microscopy (AFM)
measurements. '"H NMR spectra of Al in deuterated chloroform (10 mM) showed amide proton signals at
around 8.5, 7.2, and 6.6 ppm at 298 K, which shifted to a higher magnetic field upon heating to 333 K (Fig. 2-
4-1). This result indicates the presence of hydrogen bonding interactions between the amide groups at 298 K,
which were weakened by heating. Meanwhile, the 'H NMR peaks of the DPA unit did not show noticeable
shifts upon changing the temperature, suggesting the absence of strong m-stacking interactions, which is
ascribed to the steric hindrance imposed by the two out-of-plane phenyl rings. These considerations were
further supported by the absorption spectra of Al in chloroform (Fig. 2-4-2), in which !By and 'L, absorption

peaks of the anthracene chromophore did not show changes upon heating.

A 313K
™ 208 K

85 8 75 7 65
S/ppm

S aee

Figure 2-4-1. '"H NMR spectra of A1 (10 mM in CDCIls, 300 MHz) at different temperatures. The protons

attributable to the b position are split into two regimes because of their chiral environment.
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Figure 2-4-2. Temperature-dependent absorption spectra of A1 in chloroform ([A1] = 20 uM) between 293 K
and 338 K. No large changes of the DPA absorption bands were observed with increasing the temperature.
Similar results were observed by using 1 mM chloroform solution of A1. These observations agree with the
temperature dependent NMR results that suggest the absence of strong intermolecular interaction between

the DPA moieties.
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The AFM image of A1 drop cast of 1 mM solution on a highly oriented pyrolytic graphite (HOPG) surface
exhibited tape-like nanostructures with an average width and height of around 20 and 2 nm, respectively (Fig.
2-4-3a and 2-4-3b). The latter value corresponds to the molecular length of a single acceptor molecule A1, and
thus A1 spontaneously self-assembles in chloroform to give developed monolayer membranes. Interestingly,
the similar nanofiber structure was observed when a diluted solution ([A1] = 20 uM) was used to cast,

suggesting the structural stability against the dilution (Fig. 2-4-3c).

300 400

Figure 2-4-3. (a) An AFM image of A1 drop-cast from 1 mM solution onto the HOPG substrate. (b) A height
profile along the green line in (a). (c) An AFM image of A1 drop-cast from 20 uM solution onto the HOPG

substrate.
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2-4-2 TTA-UC properties of self-assembly system

The fluorescence of Al around 450 nm in chloroform gave a high absolute quantum yield of 88% ([A1]
=10 mM), which does not show a large overlap with the absorption band of PtOEP (Fig. 2-4-4). Note that this
quantum yield of 88% remained almost similar after diluting the solution for 1000 times (91%, [A1] =10 pM),

which indicates the self-quenching of the acceptor singlet is insignificant.
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Figure 2-4-4. Normalized absorption (solid lines) and emission (dashed lines) spectra of chloroform solution

of A1 (blue, Aex = 375 nm, 1 mM) and PtOEP (red, Aex =510 nm, 10 uM) at the room temperature.

The TTA-UC emission of a chloroform solution containing A1 and PtOEP ([A1] = 10 mM, [PtOEP] =10
uM) was measured after deaeration by repeated freeze-pump-thaw cycles. Under excitation at 532 nm,
upconverted blue emission was clearly observed around 450 nm (Fig. 2-4-5). The donor phosphorescence
intensity observed at 650 nm is very weak, indicating that the TET quantum efficiency @gr is close to 1. In
general, the TET process depends on molecular diffusion and collision, and thus the @7 value decreases with
the decrease in acceptor concentration.* However, in the case of the A1-PtOEP pair, the @7 value remained
unchanged regardless of the degree of dilution (Fig. 2-4-6a). This behavior is explicable only by the unaltered
donor-to-acceptor ratio in diluted supramolecular assemblies, clearly demonstrating their high structural
integrity which arouse from the strong solvophobic binding of PtOEP molecules to the acceptor self-
assemblies.*! Importantly, the UC emission was clearly observed even at 77 K, well below the melting point
of the solvent (Fig. 2-4-6b). A control experiment was carried out by using molecularly dispersed DPA instead
of A1 in the identical conditions (same chromophore concentrations, excitation power, and optical setups). No
upconverted emission was detected from the frozen chloroform solution of DPA-PtOEP at 77 K (Fig. 2-4-6b).
These results confirm the formation of supramolecular assembly structure, and furthermore, supports that

present TTA-UC is based on triplet energy migration and not the classical molecular diffusion mechanism.
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Figure 2-4-5. Photoluminescence spectra of A1 and PtOEP in deaerated chloroform ([A1] = 10 mM, [PtOEP]

=10 pM) with different incident power densities of 532 nm laser at the room temperature.
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Figure 2-4-6. (a) The donor-to-acceptor TET efficiency @er as a function of relative concentration of A1 and
PtOEP at the room temperature. The initial concentrations were [A1] = 10 mM and [PtOEP] = 10 uM, and the
solution was diluted up to 100 times. (b) Photoluminescence spectrum of A1-PtOEP (red, [A1] = 10 mM,
[PtOEP] = 10 yM) and of DPA-PtOEP (blue, [DPA] = 10 mM, [PtOEP] = 10 yM) in air-saturated chloroform at

77 K under 532 nm excitation (excitation power density = 982 mW cm-2).
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The TTA-UC efficiency, @uc, was determined by using a tetrahydrofuran solution of DPA and PtOEP as
the standard, having the similar emission spectra to Al. This is to reduce the error induced by the optical
response of the instrumental setup at different wavelengths (Fig. 2-4-7).!° Note that we reproduced the standard
@yc value (26%, [DPA] = 10 mM, [PtOEP] = 100 uM) by using Rhodamine B as a standard with the optical
setup used for the current study. Because the TTA-UC process converts two photons to one photon with higher
energy, the theoretical maximum of @ycis defined as 50%.!* Significantly, the @y value of our system reached
30%, exceeding the previous highest value of 26% reported for the pair consisting of DPA and PtOEP.!° To
confirm this result, we repeated the same measurements using different batches of Al (Fig. 2-4-7). The
standard solutions were freshly made for each measurements. The @yc of 30+1% with small error was
repeatedly observed, which clearly ensures the high accuracy of our measurements and confirms the high TTA-

UC efficiency of 30%. The @yc is described by the following expression'®

1
Pye = 2 f(pISC Ppr Prra Py (1)

where @Disc, @er, @rry, and @4 represent the quantum efficiencies of donor ISC, TET, TTA, and acceptor
emission. The parameter f7is the statistical probability for obtaining a singlet excited state after the annihilation
of two triplet states. In the current system, the @;5c and @gr are regarded as 1, and @4 was experimentally
determined as 0.88. The fluorescence lifetime of Al in the presence of donor (5.3 ns) was identical to that in
the absence of donor (5.3 ns). It indicates that the back energy transfer is almost negligible. As discussed later,
at the saturation regime where ®@yc is maximum and constant, the @774 can be assumed to be 1.'° Thus the f
value is calculated as 0.68, which is notably larger than the reported f value of 0.52 for DPA.!* We presume
that the high 7> energy level and/or specific dye arrangement of the self-assembly system result in the observed
enhanced f value. The TTA process is mediated by the formation of collisional complexes of singlet, triplet
and quintet multiplicities, where the weighted statistical probability of formation of these states is 1 : 3 : 5.1°
Schmidt and coworkers reported that the pure statistical factor /= 1/9 can be enlarged to = 2/5, because the
quintet state of polyaromatic organic compounds is usually energetically inaccessible and the higher energy
triplet product 7> decays back to 71**. This limit can be further broken when the 75 energy is higher than twice
the T energy,* as is the case for DPA (f= 0.52).!° The f'value may also be affected by the mutual distance and
orientation of adjacent acceptor moieties, since the interchange rate from 7)-7) dimer to S-S state can be

dependent on the intermolecular electronic coupling.*
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Figure 2-4-7. UC quantum yield of A1-PtOEP in deaerated chloroform ([A1] = 10 mM, [PtOEP] = 10 uM)
with different incident power densities of 532 nm laser. Different colors represent the data obtained for

samples under the same condition.

Along with the maximum @yc, the TTA-UC threshold excitation intensity [, is another important
parameter characterizing the TTA-UC processes because it defines the excitation intensity at which @7y
becomes 0.5. The TTA-UC emission intensity generally shows a quadratic and first-order dependence on the
incident intensity in the low- and high-excitation intensity ranges, respectively, and the I, value is
experimentally determined as the intersection point of these two lines.*>** Such incident power dependence
was observed for A1-PtOEP (Fig. 2-4-8a), and it shows a very low I, of 8.9 mW cm 2, which is close to the
solar irradiance of 1.6 mW cm at 532 + 5 nm. To explain the observed low I, we estimated the triplet exciton
diffusion constant D in the supramolecular assemblies. The second order annihilation constant yrr of acceptor

triplets was determined as 3.1 x 107" cm®s™! by using the equation*

Iyp = (a(E)Ppryrrir?) ™ 2
where a(E) is the system absorption coefficient in cm™!, and 17 is the lifetime of the acceptor triplet measured
using time-resolved photoluminescence experiments (Fig. 2-4-8b). Given that yrr = (8nDay), by assigning ay
the value of 9.1 A reported for the interaction distance of a DPA triplet pair,** we obtained a D value of 1.4 x
1075 cm? s7'. Significantly, this triplet energy migration rate in the acceptor assemblies is comparable to the
large diffusion constant of DPA in a low-viscosity solvent (1.2 x 10 cm? s 1)* and to that observed for
anthracene crystals.?! This fast triplet energy migration in the self-assembly allowed the highly efficient TTA-
UC process even under low excitation power. It is to note that the higher level of self-assembly achieved in

this system lead to superior TTA-UC characteristics beyond the condensed amorphous acceptor system (/i ~

50 mW c¢m™).?

33



—
Q
~
—_—
o
~—

I, =8.9 mWcm?

Slope =1.16

Photon counts

T, =1225 s

Slope =1.90

UCPL Intensity (arb.u.)
|

rrr T T T — — T T T T 1
0.1 1 10 100 0 2000 4000 6000 8000 10000

Power density (mWem2) Time (ps)

Figure 2-4-8. (a) Dependence of UC emission intensity at 440 nm on the incident power density in the
deaerated condition at the room temperature ([A1] = 10 mM, [PtOEP] = 10 uM). (b) The UC emission decays
at 440 nm of 1-PtOEP in deaerated chloroform ([A1] = 10 mM, [PtOEP] = 10 yM) under 531 nm pulsed
excitation at the room temperature. The fitting curves were obtained by considering the relationship of lyc(f) o
exp(=t/ruc) = exp(-2t/r7), where 1yc and 17 are the lifetimes of the UC emission and acceptor ftriplet,

respectively.'®

2-4-3 Oxygen stability of the TTA-UC emission of supramolecular system

We found that the UC emission of the current supramolecular system largely remained even in air-
saturated dispersions (Fig. 2-4-9). Before addressing its detail, we first explain results of a control experiment
with DPA-PtOEP in chloroform. Prior to the preparation of air-saturated solutions, the solvent chloroform was
bubbled with air for 1 h to make sure the complete saturation. Figure 2-4-9a shows time dependences of
upconverted emission intensity under continuous excitation of DPA-PtOEP in deaerated and air-saturated
chloroform. In the absence of oxygen, the UC emission intensity immediately reached to a certain value and
remained almost constant. On the other hand, the UC emission intensity of the air-saturated solution showed a
gradual increase for ca. 100 seconds, and then reached a constant. The observed gradual rise for the air-
saturated solution suggests the consumption of oxygen molecules by chemical reactions.*® The saturated UC
emission intensity of the aerated solution showed a decrease of about 40% compared with that of the deaerated
condition, which is comparable to the recently reported behavior in DMF and DMSO.*” Note that this
quenching ratio would be dependent on solvents having different saturated oxygen concentrations. This
observation implies the incomplete oxygen consumption in a cylindrical volume of the laser beam, and the

physical/chemical quenching of the excited triplets by remaining oxygen.*®

34



38.3 mW cm?
33.5 mW cm?
28.7 mW cm?
23.9 mW cm
21.5 mW cm?
19.1 mW cm?
17.9 mW cm-?

16.7 mW cm?

UCPL Intensity (arb.u.)

I L]
400 500 600 700
Wavelength (nm)

Figure 2-4-8 Photoluminescence spectra of A1 and PtOEP in air-saturated chloroform ([A1] = 10 mM,
[PtOEP] = 10 pM) with different incident power densities of 532 nm laser at the room temperature. The

shape of UC emission spectra in air is similar to those in the deaerated condition.
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Figure 2-4-9. Time dependence of upconverted emission intensity at 435 nm upon continuous excitation at
532 nm of (a) DPA-PtOEP ([DPA] = 10 mM, [PtOEP] = 10 yM) and (b) A1-PtOEP ([A1] = 10 mM, [PtOEP] =
10 uM) in deaerated (blue line) and air-saturated (red line) chloroform at the room temperature. Excitation
power density was 250 mW cm2. Inset of (b): a photograph of the blue upconverted emission of the A1-PtOEP

pair in air-saturated chloroform.
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Next, we compare these results of DPA-PtOEP with our supramolecular system. Similar to the case of
DPA-PtOEP, the UC intensity of the deaerated A1-PtOEP solution was constant from immediately after the
light irradiation (Fig. 2-4-9b). In the air-saturated condition, again as is the case in the DPA-PtOEP pair, the
time dependence of the A1-PtOEP solution exhibited a gradual increase within 100 seconds, suggesting the
consumption of surrounding oxygen molecules. To our interest, the A1-PtOEP pair showed only ca. 17% of
decrease by the presence of oxygen, which is much smaller than 40% quenching observed for DPA-PtOEP.
This difference may be explained by the lower concentration of remaining oxygen molecules in the local space
around the dye moieties in our supramolecular system than the molecularly dispersed system, and this picture
is consistent with the formation of closely-assembled array of chromophores. Further efforts to decrease local
oxygen concentration around chromophore moieties based on the optimization of supramolecular architectures
will open new opportunities to solve the oxygen-related problems. Our current work offers a critical first step

toward the realization of such ideal UC systems based on supramolecular chemistry.

To achieve efficient donor-to-acceptor TET in air-saturated systems, the location of donor molecules in
the acceptor assembly is also crucial. To obtain this information, we measured the donor phosphorescence
intensity and lifetime for frozen dispersions at 77 K (Fig. 2-4-10).

The frozen PtOEP solution without the acceptor showed a single exponential decay with a lifetime 1y of
144 ps. In the presence of acceptor A1, a bi-exponential photoluminescence decay was observed with lifetimes
zer of 20 ns and 120 ps. Importantly, no free PtOEP luminescence was detected, which means that almost all
the donor molecules are accommodated in the acceptor nanoassemblies. By using the Perrin approximation for
short-range interactions,*® the donor-to-acceptor Dexter energy transfer efficiency can be written as a function

of the center-to-center distance between donor and acceptor 7p_4 by the equation

CDET=1—exp[—(rr° )3]=1—TE—T (2)

D-A To

where 7 is an effective interaction distance in the process energy transfer between PtOEP and DPA, being
previously estimated as 9.8 A.* The rp.4 values were calculated as 4.8 A and 17.3 A for the short (20 ns) and
long (120 ps) zzr components, respectively. This suggests the bimodal spatial distribution of donor in the
acceptor assemblies, taking into account the molecular length of the acceptor Al is about 60 A and it self-
assembles into the nanotape-like structure with single molecular thickness. Moreover, it demonstrates that, by
following Eq. S1, in a frozen system where molecular diffusion is completely avoided, only the first-(or
nearest)-neighbors donor population (tzr = 20 ns) with (ro/rp.4) > 1 can efficiently transfer the energy to the

acceptors ( Per=1).
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Figure 2-4-10. (a) Phosphorescence spectrum of PtOEP with (red) and without (blue) acceptor A1 ([1] = 10

M, [PtOEP] = 10 pM) in aerated chloroform at 77K under continuous excitation at 532 nm. (b)
Phosphorescence decays of PtOEP with (black) and without (red) acceptor 1A ([A1] = 10 mM, [PtOEP] = 10
MM; black) in aerated chloroform at 77 K under pulsed excitation at 531 nm. Inset: Nanosecond-scale
phosphorescence decay at 650 nm of the 1-PtOEP chloroform solution ([A1] = 10 mM, [PtOEP] = 10 yM) at
77 K with excitation of 365 nm.

For the second (or distant)-neighbors donor population (ter= 120 ps) with (r¢/rp.4) < 1, the energy transfer
yield is low ( @zr = 0.17). The comparison of donor phosphorescence intensities between with and without
acceptor Al at 77 K provides the abundance ratio of 35 mol% and 65 mol% for the close and separated
population, respectively.

From these considerations, we confirmed that almost all of the donor molecules are bound to the acceptor
nanoassemblies, where the donors show a bimodal distribution with shorter (4.8 A, 35 mol%) and larger (17.3
A, 65 mol%) average distances from the acceptor. At the ambient temperature, a fast equilibrium could

naturally exist between these binding sites that allows efficient TET to DPA units.
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2-4-4 TTA-UC of the supramolecular system in condensed media

The potential of the present supramolecular strategy can be extended beyond the dispersion systems.
Supramolecular gels have recently received intense attention for designing photofunctional soft-materials
including singlet energy harvesting systems.'®!>#¥4 The acceptor A1 was found to form organogels in 1,2-
dichloroethane with a critical gelation concentration of 8 mM. Interestingly, the 1,2-dichloroethane gel of Al
doped with PtOEP showed a clear UC emission even in air, indicating the stabilization of triplets in the
molecular assemblies. These triplet states migrate in supramolecular gel networks, and the light energy is
harvested to achieve upconversion in soft-materials (Fig. 2-4-11a). Furthermore, the self-assembly-based UC
emission is also observed in the solid cast films prepared by casting the chloroform solution under ambient
conditions (Fig. 2-4-11b). This is surprising, since TTA-UC in the crystalline system has long been suffered
from the oxygen quenching issue and very limited miscibility of acceptor-donor pairs as well.'® This is an
important step towards the solid-state TTA-UC devices that operate even in air. These observations clearly
confirm the potential of the present self-assembly strategy, which would offer a general and powerful means
to overcome the outstanding problem in TTA-UC. The integration of self-assembly with TTA-UC thus pushes

back the boundaries of the traditional methods and promises wide applicability in many disciplines.
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Figure 2-4-11. (a) Photoluminescence spectra of the 1,2-dichloroethane gel of A1 doped with PtOEP ([A1] =
16 mM, [PtOEP] = 16 pM) upon 532 nm laser excitation in the ambient conditions. Inset pictures show the
doped gel under white light and 532 nm green laser. (b) Photoluminescence spectra of the cast film of PtOEP-

doped A1 (PtOEP/A1 = 0.1 mol%) obtained by 532 nm laser excitation in the ambient conditions.
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2-5 Conclusions

In this study, the highly efficient, low-power, in-air light-harvesting TTA-UC systems have been
developed by introducing the concept of supramolecular self-assembly. The current work offers an important
bridge between photon upconversion and supramolecular chemistry. The suitably designed amphiphilic
acceptor molecules spontaneously self-assemble in organic media to give developed, nanotape-like monolayer
assemblies. They efficiently uptake donor molecules that lead to the highly efficient UC emission both in
deaerated and aerated conditions. A number of applications of the current light-harvesting system is
conceivable, which would open new avenues to self-assembly-based molecular technology in many disciplines.
The rational extension of light-harvesting self-assemblies to the other combination of chromophores will lead
to novel near IR-to-visible or visible-to-UV upconversion systems for improving photovoltaic and
photocatalytic devices. The design of amphiphilic light harvesting systems in water would find many biological
applications. Beyond TTA-UC, we envisage the formation and migration of triplet excitons in various self-

assemblies and their aerobic stability would exert great impacts on materials science.
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Chapter 3 Kinetically-Controlled Crystal Growth Approach to Enhance
Triplet Energy Migration-based Photon Upconversion

Abstract

Improving efficiency of triplet-triplet annihilation-based photon upconversion (TTA-
UC) in crystalline media is challenging because it usually suffers from the severe
aggregation of donor (sensitizer) molecules in acceptor (emitter) crystals. In this study,
we show a kinetically-controlled crystal growth approach to improve donor dispersibility
in acceptor crystals. As the donor-acceptor combination, a benchmark pair of platinum
(IT) octaethylporphyrin (PtOEP) and 9,10-diphenylanthracence (DPA) is employed. A
surfactant-assisted reprecipitation technique is employed, where the concentration of the
injected PtOEP-DPA solution holds the key to control dispersibility; at a higher PtOEP-
DPA concentration, a rapid crystal growth results in better dispersibility of PtOEP
molecules in DPA crystals. The improvement of donor dispersibility significantly
enhances the TTA-UC quantum yield. Thus the inherent function of donor-doped acceptor

crystals can be maximized by controlling the crystallization kinetics.
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3-1 Introduction

Photon upconversion based on triplet-triplet annihilation (TTA-UC) has attracted much attention for its
potential applications in renewable energy production technologies.!"!* In the typical TTA-UC process, (1) a
triplet excited state of donor is formed by intersystem crossing (ISC) from a photo-excited singlet state, (2)
acceptor triplet excited states are populated by triplet energy transfer (TET) from the donor triplets, and (3)
annihilation between two acceptor triplets (TTA) generates an acceptor singlet excited state, from which
upconverted delayed fluorescence is emitted. One of the advantages of TTA-UC is its occurrence at lower
excitation intensity compared with the other UC mechanisms thanks to the large absorption coefficient of the
donor chromophores and the long triplet lifetime of acceptor molecules.

To achieve efficient TTA-UC under weak incident light sources, diffusion of triplet species should be high
enough to enable annihilation within their lifetimes. Consequently, the majority of TTA-UC systems have been

81115 or soft polymer matrices'®?® in which the TET and TTA processes are mediated by

studied in solution
molecular diffusion and collision. Meanwhile, it is desirable for device applications that TTA-UC processes
occur in the solid state without molecular diffusion. In this perspective, it is natural to develop triplet energy
migration-based photon upconversion (TEM-UC)!, in which triplet excitons effectively diffuse in dense

molecular assemblies and the molecular diffusion is not required.'*?!-!

Among various assembly systems,
molecular crystals with ordered chromophore arrangements should be promising for achieving fast TEM.
However, the crystalline systems have suffered from the aggregation of donor molecules and their segregation
in acceptor crystals, which caused poor TET efficiency.* Despite efforts to solve this problem?®>*31-33 the
development of a simple and rational strategy to molecularly accommodate donor molecules in acceptor
crystals is still anticipated.

Here, we describe a kinetically-controlled crystal growth approach which improves the dispersibility of
donors in acceptor crystals and consequently increased the efficiency of TEM-UC. We employed the donor-
acceptor pair of Pt(1l) octaethylporphyrin (PtOEP) and 9,10-diphenylanthracene (DPA), which has been widely
used as a benchmark. Due to their inherent structural mismatch, PtOEP and DPA do not mix homogeneously
in crystals and tend to phase-segregate.* Meanwhile, miscibility of molecules coexisting in multicomponent
assemblies has been kinetically controlled for organic molecular crystals** and peptide assemblies.*>*¢ We
apply this kinetic control concept to improve the miscibility of donor PtOEP and acceptor DPA in nanocrystals.
For this, we adopted a colloid chemistry approach; tetrahydrofuran (THF) solutions of DPA-PtOEP were
injected into aqueous cetyltrimethylammonium bromide (CTAB).?”* Upon the diffusion of injected THF into
the aqueous phase, the nucleation of water-insoluble aromatic crystals occurs. Absorption of CTAB molecules
on the growing crystal surfaces would reduce their interfacial energy, thus enhancing the dispersion stability

of these crystals.”* It was found that increase in the concentration of DPA-PtOEP caused faster crystallization
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of DPA, which allowed PtOEP molecules to be kinetically trapped with improved dispersibility in DPA crystals
(Fig. 3-1-1).
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Figure 3-1-1. Schematic illustration of the concept of this study. DPA-PtOEP composite crystals are formed
by reprecipitation in the presence of CTAB. A diluted THF solution of DPA-PtOEP provides slower crystal
growth, resulting in lower donor dispersibility and lower TTA-UC efficiency. On the other hand, a saturated THF
solution of DPA-PtOEP induces a faster crystal growth, resulting in higher donor dispersibility and higher TTA-
UC efficiency.
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3-2. Experimental section
3-2-1 Materials and Methods

All the solvents were used as received without further purification. DPA was purchased from Aldrich and
purified by sublimation in order to minimize the amount of impurities which may act as quenchers in the solid
system. PtOEP and CTAB were purchased from Aldrich and Wako chemical and used as received.

UV-visible absorption spectra were recorded on a JASCO V-670 spectrophotometer. Fluorescence spectra
were measured by using a PerkinElmer LS 55 fluorescence spectrometer. Powder X-ray diffraction (PXRD)
analyses were conducted on a BRUKER D2 PHASER with a Cu Ka source (1., = 1.5418 A). Scanning electron
microscope (SEM) images were obtained by using a Hitachi S-5000. For SEM measurements, samples were
collected by suction filtration using membrane filters with pore size of 0.2 um. These filters were directly used
for SEM measurements after platinum sputtering with the thickness of ca. 2 nm. Time-resolved
photoluminescence lifetime measurements were carried out by using a time-correlated single photon counting
lifetime spectroscopy system, HAMAMATSU Quantaurus-Tau C11567-01.

For TTA-UC measurements, the samples were sealed between quartz plates by using hot-melt adhesive
in an Ar-filled glove box ([O2] < 0.1 ppm). For TTA-UC emission spectra, a diode laser (532 nm, 200 mW,
RGB Photonics) was used as an excitation source. The laser power was controlled by combining a software
(Ltune) and a variable neutral density filter and measured using a PD300-UV photodiode sensor (OPHIR
Photonics). The laser beam was focused on a sample using a lens. The diameter of the laser beam (1/¢*) was
measured at the sample position using a CCD beam profiler SP620 (OPHIR Photonics). Typical area of laser
irradiation spot estimated from the diameter was 2.9x10* ¢cm?. The emitted light was collimated by an
achromatic lens, the excitation light was removed using a notch filter (532 nm), and the emitted light was again
focused by an achromatic lens to an optical fiber connected to a multichannel detector MCPD-9800 which was
supplied and calibrated by Otsuka Electronics and equipped with a CCD sensor for the detection of whole
visible range with high sensitivity.

TTA-UC and donor phosphorescence quantum yields were measured by using an absolute quantum yield
measurement system. The sample was held in an integration sphere and excited by the laser excitation source
(532 nm, 200 mW, RGB Photonics). The scattered excitation light was removed using a 532 nm notch filter
and emitted light was monitored with a multichannel detector C10027-01 (Hamamatsu Photonics). The

spectrometer was calibrated including the integration sphere and notch filter by Hamamatsu Photonics.?
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3-2-2 Sample preparation

DPA and PtOEP were dissolved in THF at three different concentrations. As a moderately diluted
condition, DPA (2 mM)-PtOEP (2 uM) in THF was employed (Condition 1). Separately, saturated solutions
of DPA (140 mM) with two different PtOEP concentrations (140 uM and 14 uM) were prepared for the rapid
crystallization (Condition 2A and 2B). All the experiments of crystal growth and collection were carried out at
room temperature (around 20 °C). No pre-formed crystals in the 140 mM DPA solution were detected by
dynamic light scattering (DLS) measurements. 0.5 mL of DPA-PtOEP mixed THF solutions were rapidly
injected into the aqueous CTAB (0.5 mM, 5 mL) at room temperature under 1000 rpm stirring. These mixtures
were kept stirring for 3 minutes and then left to stand for 2 hrs. After the incubation for 2 hrs, the crystals were
collected by centrifugation at 10000 rpm for 5 minutes, washed with water for three times, and dried under

vacuum at room temperature.
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3-3 Results and discussion

3-3-1 Characterization of the crystals

When the THF solution of DPA (2 mM)-PtOEP (2 uM) was injected into the aqueous CTAB (Condition
1) under stirring, the immediately formed suspension turned into a uniform dispersion within 3 minutes of
stirring. This specimen was then incubated for 2 hrs, during which crystalline particles were gradually formed.
On the other hand, precipitates were immediately formed upon injection of the saturated DPA solutions into
aqueous CTAB ([DPA] = 140 mM, [PtOEP] = 140 uM and 14 uM, Condition 2A and 2B), which showed
almost no changes during the standing for 2 hrs.

The composition of the obtained crystals was determined by dissolving the crystals in THF and measuring
their absorption spectra. The DPA-PtOEP molar ratio were 2100:1, 700:1, and 7300:1 for those obtained under
the Condition 1, 2A, and 2B, respectively. The content of PtOEP in the obtained crystals was lower than the
initial mixing ratio in THF for Condition 1 (1000:1), while it was higher than those for Condition 2A (1000:1)
and 2B (10000:1). The enhanced accumulation of PtOEP in DPA crystals under Conditions 2A and 2B suggests
that the rapid growth of DPA microcrystals facilitate kinetic entrapment of PtOEP molecules in the interior.

The crystallinity of obtained samples was confirmed by using powder X-ray diffraction (PXRD)
measurements (Fig. 3-3-1). The crystals formed under these conditions showed diffractions which showed
good agreements with the PXRD pattern of bulk DPA. On the other hand, the diffraction peaks of bulk PtOEP,
for example the peak around at 20 = 9.5, were hardly observed from those of the composite crystals, which
may be due to the high dispersibility of the donor molecules or the too small amount of PtOEP for detection.
It is confirmed that the basic arrangement of DPA molecules is almost independent of the crystallization

conditions.
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Figure 3-3-1. PXRD patterns of samples prepared by using (a) Condition 1, (b) Condition 2A, and (c) Condition
2B. (d), (e) show the PXRD patterns of bulk DPA (d) and PtOEP (e). All measurements were conducted at

room temperature.
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To get insights into the crystal growth processes, the crystals were collected by suction filtration before
and after the 2 hrs of incubation, and their morphology was observed by scanning electron microscopy (SEM).
In the case of the Condition 1 sample, partly aggregated irregular nanorods were observed before incubation.
After standing for 2 hrs, a few um-sized rods and a few tens of pm-sized sheets appeared (Fig. 3-3-2a). The
observed morphological changes suggest that the ordered crystals gradually grew in the course of incubation.
On the other hand, samples obtained under the Condition 2A and 2B gave larger spherical microstructures with
the similar size before and after the incubation process (Fig. 3-3-2b and 3-3-2c¢). It is to note that the
morphology of crystals differs considerably depending on the preparative conditions, i.e., kinetic parameters
determine both of the nucleation and growth processes. When the same preparation procedure was carried out
without DPA, only a few tens of nm-sized nanocrystals were observed, and thus the above-mentioned pum-

sized objects cannot be the pure PtOEP crystals.

2B before (left) and after (right) 2 hrs incubation.
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3-3-2 Photophysical Properties of the Crystals

To investigate the dispersed state of PtOEP molecules in acceptor DPA crystals, absorption spectra of
PtOEP were measured (Fig. 3-3-3). A THF solution of PtOEP ([PtOEP] = 10 uM) showed a Q(0,0) band at
534 nm, whereas this band is red-shifted to 552 nm in the cast solid sample due to aggregation.*’ Interestingly,
absorption spectra obtained for PtOEP in DPA-PtOEP composite crystals showed blue shifts compared to that
of the neat cast solid. Notably, the peaks of the Condition 2A (537 nm) and 2B (536 nm) samples are more
blue shifted compared to that of the rod-like crystals obtained under Condition 1 (541 nm). It is to note that
the main peak of the Condition 2B sample is close to that observed for the diluted THF solution, with a
suppressed shoulder component at around 547 nm. This shoulder component reflects the presence of
interchromophore interactions among PtOEP molecules. Apparently, the sample prepared under the Condition
2B showed the spectrum revealing the most isolated PtOEP chromophores, showing the highest dispersibility
of PtOEP is achieved under the rapid crystal growth condition with the high DPA:PtOEP molar ratio. We
confirmed that the DPA-PtOEP crystals prepared in the absence of CTAB showed a pronounced aggregate-
shoulder peak, indicating that CTAB significantly influenced the crystallization kinetics in the aqueous

mixtures.
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Figure 3-3-3. UV-vis absorption spectra of PtOEP in several conditions. Solid lines represent the absorption
of the DPA-PtOEP composite crystals. Dashed lines show the absorption spectra of a diluted THF solution of
PtOEP (10 uM) and a bulk PtOEP solid.
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The fluorescence quantum yields with direct excitation of DPA (@a, Aex = 365 nm) were 42%, 28%, and
54% for powdery samples obtained under Condition 1, 2A, and 2B (= Samples 1, 2A and 2B), respectively.
Since the higher @a values were observed for crystals with lower PtOEP contents, it is possible that the DPA-
to-PtOEP singlet-singlet energy transfer and/or the re-absorption of the DPA fluorescence by the donor

molecules takes place.
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3-3-3 TTA-UC of DPA-based composite crystals

The TTA-UC characteristics of each composite crystals were then evaluated. Under excitation with a 532
nm laser, upconverted emission was clearly observed for each sample with the maximum intensity around at
440 nm (Fig. 3-3-4). It is to note that these TTA-UC behaviors observed for the present DPA-PtOEP crystals
prepared by the CTAB-assisted colloid technique are significantly improved as compared to that previously
reported for the DPA single crystal doped with PtOEP.*

The donor phosphorescence at 650 nm was much weaker than the UC emission, and the phosphorescence
quantum yields of all the three samples were less than 0.1%. These results suggest that the triplet energy of the
donor molecules is efficiently transferred to the surrounding acceptor molecules or thermally dissipated in the

donor aggregates.*
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Figure 3-3-4. Photoluminescence spectra of DPA-based crystals prepared under (a) Condition 1, (b)
Condition 2A, and (c) Condition 2B under Ar atmosphere with various excitation intensities (Aex = 532 nm).

Scattered incident light was removed by using a 532 nm notch filter.
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TTA-UC quantum yields for samples obtained under each condition were determined by the absolute
method using the integrating sphere and the laser excitation source, to avoid inaccuracy that could arise from
the strong light scattering of the crystals. In general, the quantum yield is defined as the ratio of absorbed
photons to emitted photons, and thus the maximum yield (@yc) of the bimolecular TTA-UC process is 50%.
However, many reports multiply this value by 2 to set the maximum quantum yield at 100%. To avoid the
confusion between these different definitions, the UC quantum yield is written as @yc’ (= 2@yc) when the
maximum efficiency is normalized to 100%. The @yc’ value detemined for the Condition 1 sample was as low
as 0.044+0.011% (Fig. 3-3-5). On the other hand, much higher @yc’ values were observed for crystals prepared
under the Conditions 2A (0.44+0.022%) and 2B (2.0+£0.17%).

To understand the observed difference, factors affecting to the @yc’ value need to be considered. @yc’ is

represented by the following equation,

(Duc, = [ Dysc Pgr Prra Py (D

where @isc, Det, Drra, and @a represent the quantum efficiencies of donor ISC, donor-to-acceptor TET, TTA,
and acceptor emission*®, The parameter f'is the statistical probability for obtaining a singlet excited state after
the annihilation of two triplet states. Considering that @a of Condition 2A sample was smaller (28%) than that
of the Condition 1 sample (42%), the higher @yc’ value of Condition 2A sample as compared to Condition 1
sample should be originated from the other parameters. The f value and @isc can be assumed to be the same
for the identical donor-acceptor pair with the similar crystal structure as confirmed by PXRD. It is then
suggested that the better dispersibility of donor molecules in Condition 2A sample, as evidenced by the
absorption spectra (Fig. 3-3-3), improved the net @kt value and consequently afforded the better @uc’. As
described above, the Condition 2B sample showed the highest donor dispersibility among all the samples
prepared in this study (Fig. 3-3-3). It is reasonable that the Condition 2B sample showed higher @uc’than the
Condition 2A sample which was also benefitted from the smaller content of donor which allowed to maintain
higher @a (54%). The UC quantum yields @uc’ remain low (< 0.1%) at the solar irradiance (1.6 mW c¢m™ at

53245 nm, AM 1.5), requiring future efforts to decrease the needed excitation intensity.
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Figure 3-3-5. TTA-UC quantum yield as a function of the excitation intensity of 532 nm laser for DPA-PtOEP
composite crystals prepared with three different conditions. A series of @uc’ data for each sample were obtained
from the same specimen, and each points show average values of measurements conducted for more than

five times. Error bars are smaller than the dot sizes for most points.
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In the condensed systems, inhomogeneous distribution of donor molecules in acceptor crystals needs to
be considered. Generally, TTA-UC emission intensity shows a quadratic dependence with the incident light
intensity at low excitation intensity, where the thermal deactivation of the triplet states is governed by the main
deactivation pathway. The quadratic-to-linear transition occurs by increasing the excitation intensity, and the
transition point gives a threshold excitation intensity (Is) **. Above Iy, the TTA becomes the main
deactivation channel for the acceptor triplets. The quadratic-to-linear transitions were observed for all the three
conditions (Fig. 3-3-6). In spite of the considerable difference in the UC quantum yield (Fig. 3-3-5), these three
samples showed rather similar I, values in the range of 326-531 mWcm™.

This discrepancy might be explained by the following hypothesis. In the Condition 1 sample, not all donor
molecules form aggregates and some donor molecules well dispersed in acceptor crystals contribute to the
excitation intensity dependence with an /;;, value similar to the Condition 2B sample. However, as we described
above, most of the donor molecules are present as aggregates in the Condition 1 sample, which hinder the
donor-to-acceptor triplet energy transfer and resulted in the observed low UC quantum yield. It is therefore
essential to characterize the UC characteristics in a comprehensive manner, and the determination of UC

quantum yields is prerequisite for the evaluation of solid upconverters.
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Figure 3-3-6. Double logarithmic plots of the UC photoluminescence (PL) intensity as a function of the
excitation intensity for DPA-PtOEP composite crystals prepared with three different conditions. The linear fits

with slope 2 and 1 in the lower and higher excitation intensity regimes are shown.
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3-4 Conclusions

In this chapter, the promising potentials of the kinetically-controlled crystal growth is shown to improve
the dispersibility of donor molecules in acceptor crystals and to achieve efficient TEM-UC in the solid state.
By simply increasing the concentration of donor and acceptor in the surfactant-assisted reprecipitation process,
the kinetic entrapment of the donor in acceptor crystals is facilitated with the enhanced dispersibility.
Consequently, the UC quantum yield was dramatically enhanced. The concept of kinetically-controlled crystal
growth is successfully demonstrated for the benchmark TTA-UC pair, DPA and PtOEP, which has been known
to undergo severe phase segregation. The present kinetically-controlled crystallization concept for improving
donor dispersibility in acceptor crystals would be widely applicable to a variety of chromophore combinations,
including the recently-developed precious metal-free systems?>**45 and NIR-to-visible UC systems!?13:46:47,
For further improvement of the current method, we consider that the key is to suppress the formation of defect
sites that deactivate the triplet excitons.?® The development of a new approach to circumvent this issue is under

way in our laboratory.
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Chapter 4 Rational Strategy for Photon Upconversion Crystals:
Aggregation-free Sensitizer Accommodation in lonic
Crystals with Less Defects

Abstract

There are two major long-standing questions for triplet-triplet annihilation-based photon
upconversion (TTA-UC) in solid crystals. Why is the UC efficiency often low in
crystalline systems? What is the rational strategy to construct efficient upconverting
crystals? In this work, we addressed these issues by employing a simple model system
where ionic interactions play a key role. When crystals of an anthracene-based ionic
acceptor (emitter) were grown in the presence of anionic donor (sensitizer) molecules, the
donor molecules were spontaneously taken up and dispersed homogenously in acceptor
crystals without aggregation. Highly efficient UC was achieved as a consequence of
quantitative triplet energy transfer (TET) from the incorporated donor to the surrounding
acceptor. We also found that the mechanical grinding of the donor-doped single crystals
lead to a significant decrease in UC efficiency, suggesting that trap sites formed in the
crystals have a significant negative impact on the UC performance. The fundamental
knowledge obtained from the current ionic crystal system offers rational design guidelines

towards the development of efficient TTA-UC systems in the solid-state.
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4-1 Introduction

Although high UC efficiencies have been achieved in solution because of the ease of molecular diffusion
and collision processes, it is indispensable to develop solid upconversion materials for the real-world
application of TTA-UC towards solar energy utilization devices such as photovoltaic cells. Several approaches
have been proposed such as droplets in rigid matrices,'? molecular diffusion in rubbery polymers,*” and triplet
energy migration (TEM) in dense chromophore assemblies.®!> Among them, TEM-based UC in crystalline
materials has the potential to attain an ultimate UC system with high UC efficiency at low excitation intensity
thanks to fast TEM in ordered chromophore arrays. However, most of the crystalline TEM-UC systems have
suffered from the phase separation of donor molecules in acceptor crystals, resulting in low TET efficiency.*!®
In recent years, a few strategies have been reported to overcome this problem. For example, the modification
of acceptor units with flexible alkyl chains can create the room for donor molecules to be accommodated in
acceptor crystals.'? As another approach, fast and kinetically-controlled crystal growth enables to trap donor
molecules in rigid acceptor crystals during the crystallization process.!® In these approaches, the interactions
operating among donor and acceptor molecules are weak van der Waals dispersion forces. However, these
dispersion-force based strategies unfortunately sacrificed the advantages of crystalline systems; they reduced
crystal regularity in exchange for the homogeneous donor accommodation, which inhibited the fast and
efficient energy diffusion. In addition, while defects caused by disordered structures were suspected to act as
quenching sites for excitons that reduce the efficiency of UC, there have been no reports to directly prove such
situation. Thus, it remains a grand challenge to solve these issues and to develop highly efficient solid UC
systems. To unveil the relationship between the crystal quality and photophysical properties involved in UC,
it is desired to introduce specific interactions to improve structural integrity of the mixed crystals and to
develop a rational strategy that simultaneously fulfills the controlled molecular dispersion of donors in acceptor

crystals and the maintenance of regularity in the whole crystalline systems.
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Here we show that an introduction of ionic interactions as additional cohesive interaction can realize the
aggregation-free dispersion of donor molecules in acceptor ionic crystals without losing the high crystal
regularity. The ionic interactions can compensate the inherent structural mismatch between the donor and
acceptor molecules since they exert the major interaction in the crystal formation process. As a proof-of-
concept, one of the simplest anionic acceptors 9,10-anthracenedicarboxylate (ADC) was employed as a model
system, and it was combined with dicyclohexyl ammonium (DCA) cations to form ionic crystals (DCA),ADC
(Fig. 4-1-1a). When the ionic crystals were prepared in the presence of an anionic donor, palladium
mesoporphyrin (PdMesoP), the donor molecules were successfully introduced into the crystals. Remarkably,
the accommodated donor molecules were found to be molecularly dispersed, resulting in quantitative donor-
to-acceptor TET (Fig. 4-1-1b). The ionic interactions play a key role in this excellent donor dispersion as
evidenced by the segregation of commonly-used nonionic donor Pt(Il) octaethylporphyrin (PtOEP) formed
aggregation in the ionic crystals (Fig. 4-1-1b). The impact of crystal defects upon TTA-UC properties was
proved for the first time by comparing UC efficiency and emission decay profiles for single crystals and
mechanically-ground powder samples. This work offers an unequivocal answer to the long-standing questions;
what makes the UC efficiency in crystalline systems low, and how to rationally achieve efficient UC in solid
crystals. While the main objective of this work is to prove the concept in the simple model system, the

generalization of obtained basic knowledge would open a path towards the realization of ultimate solid-state

upconverters.
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Figure 4-1-1. (a) Chemical structures of (DCA)2ADC and PdMesoP. (b) Schematic illustration of the concept
of this study. Nonionic donor molecules aggregate in the acceptor ionic crystals, which ends up with poor TET
efficiency (left). On the other hand, ionic donor molecules are molecularly dispersed in the acceptor ionic

crystals, resulting in quantitative TET and high UC efficiency (right).
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4-2 Experimental section
4-2-1 General methods

All the chemicals were used as received otherwise noted. H;ADC, dicyclohexylamine, and PtOEP were
purchased from Aldrich. PdMesoP was purchased from Frontier Scientific. 9,10-diphenylanthracene (DPA)
was purchased from TCI and purified by sublimation.

UV-visible absorption spectra were recorded on a JASCO V-670 spectrophotometer. Fluorescence spectra
were measured by using a PerkinElmer LS 55 fluorescence spectrometer. Single crystal X-ray data were
collected on a CCD diffractometer (Rigaku Saturn VariMax) with graphite-monochromated Mo Ka radiation
(Aex = 0.71070 A). Powder X-ray diffraction (PXRD) analyses were conducted on a BRUKER D2 PHASER
with a Cu Ka source (fex = 1.5418 A).

For TTA-UC measurements, the samples were sealed between quartz plates by using hot-melt adhesive
in an Ar-filled glove box ([O2] < 0.1 ppm). For TTA-UC emission spectra, a diode laser (532 nm, 200 mW,
RGB Photonics) was used as an excitation source. The laser power was controlled by combining a software
(Ltune) and a variable neutral density filter and measured using a PD300-UV photodiode sensor (OPHIR
Photonics). The laser beam was focused on a sample using a lens. The diameter of the laser beam (1/e*) was
measured at the sample position using a CCD beam profiler SP620 (OPHIR Photonics). A typical area of laser
irradiation spot estimated from the diameter was 2.9x10“ ¢m?. The emitted light was collimated by an
achromatic lens, the excitation light was removed using a notch filter (532 nm), and the emitted light was again
focused by an achromatic lens to an optical fiber connected to a multichannel detector MCPD-9800 (Otsuka
Electronics). Time-resolved photoluminescence lifetime measurements were carried out by using a time-
correlated single photon counting lifetime spectroscopy system, HAMAMATSU Quantaurus-Tau C11567-01.

TTA-UC and donor phosphorescence quantum yields were measured by using an absolute quantum yield
measurement system.!” The sample was held in an integrating sphere and excited by the laser excitation source
(532 nm, 200 mW, RGB Photonics). The scattered excitation light was removed using a 532 nm notch filter
and emitted light was monitored with a multichannel detector C10027-01 (Hamamatsu Photonics). The
spectrometer was calibrated including the integration sphere and notch filter by Hamamatsu Photonics. In
general, a quantum yield is defined as the ratio of absorbed photons to emitted photons, and thus the maximum
quantum yield (@uc) of the bimolecular TTA-UC process is 50%. However, many reports multiply this value
by 2 to set the maximum efficiency at 100%. To avoid the confusion between these different definitions, the

UC efficiency is written as @yc’ (= 2dyc) when its maximum is normalized to be 100%.
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4-2-2 Sample preparation

To prepare ionic crystals (DCA),ADC, 50 umol (13.3 mg) of H,ADC was dissolved in 5.0 mL of methanol,
to which 0.1 mmol (20 pL) of dicyclohexylamine was added. Colourless precipitates were immediately formed,
and this suspension was left for 3 days at room temperature. The precipitates gradually changed to colorless
crystals of (DCA),ADC during the incubation. Donor-doped ionic crystals referred as PdMesoP-(DCA),ADC,
were prepared by the similar way of (DCA),ADC, except for the presence of 0.1 umol (67.1 pg) of PdMesoP
in the methanol solution of HoADC before adding dicyclohexylamine. Pale-pink crystals of PdMesoP-
(DCA)ADC were formed during incubation. As control experiments, crystals with two other compositions
were prepared. Nonionic donor PtOEP was used instead of PdMesoP, and the similar crystallization procedure
gave PtOEP-(DCA)>ADC. Nonionic crystals of DPA was doped with PdMesoP by recrystallization of 50 pmol
(16.5 mg) of DPA from a hot methanol (30 mL) in the presence of 0.1 umol (67.1 pg) of PdMesoP. All the
prepared crystals were collected by suction filtration and washed with methanol, and dried under vacuum at
room temperature before measurements. For upconversion measurements, the crystals were placed between

two glass plates and sealed in an Ar-filled glove box ([O2] < 0.1 ppm) by using a hot-melt adhesive.
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4-3 Results and discussion
4-3-1 Characterization of the ionic crystals

When a quantitative amount of dicyclohexylamine (2.0 mM) was added to the 1.0 mM methanol solution
of 9,10-anthracenedicarboxylic acid HoADC, the luminescence color of the solution immediately changed
from cyan to deep-blue. The sharpening and blue-shift of fluorescence spectra after adding the
dicyclohexylamine to an H,ADC solution would reflect a conformational change of the carboxylic group,
suggesting a formation of the ionic pair (Fig. 4-3-1a).!3!° FT-IR spectra also indicate the formation of the ionic
pairs. The C=0 vibration band (1676 cm™) of carboxylic acid group disappeared, and replaced by new peaks
at 1518 cm™ and 1398 cm! assignable to C=0 vibration of COO" moiety (Fig. 4-3-1b).%°
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Figure 4-3-1. (a) Emission spectra of ADCA (blue) and (DCA)2ADC (green) in 1.0 mM methanol solution.
Excitation wavelength was selected as Asx =365 nm. (b) FT-IR spectra of ADCA (blue) and DCA2ADC (green)

powder samples.
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When the concentration of HADC was increased from 1.0 mM to 10 mM, colorless precipitates were
formed immediately after mixing with 20 mM dicyclohexylamine. Incubation of this mixture for 3 days at
room temperature produced sub-mm sized crystals. Single crystal structural analysis was conducted for this
ionic crystal (DCA),ADC. The space group was assigned to the P2,/c monoclinic system. A lamellar structure
separated by ionic and nonionic domains was observed (Fig. 4-3-2a). In the b-¢ plane, continuous ionic
networks are constructed by carboxylate and ammonium moieties. The edges of anthracene rings are
overlapped along the g-axis with the nearest C-C distance of 3.6 A, indicating the existence of a weak 7-r
interaction (Fig. 4-32b). In benchmark acceptor 9,10-diphenylanthracene (DPA), phenyl rings provide steric
hinderance to avoid the concentration quenching and it shows large Stokes shift associated with the strong 7-
7 interaction. In this work, we employed ADC without phenyl groups as the simplest model, but cyclohexyl
moieties effectively serve as the spacers to tune the inter-chromophore interactions. The weak inter-

chromophore interactions between anthracene moieties are reflected to the optical properties as mentioned

RERR-
ARG

below.

Figure 4-3-2. (a) Crystal structure of (DCA).ADC viewed along the c-axis, showing a lamellar structure
consisting of ionic and non-ionic domains. N, blue; O, red; C, grey. Hydrogen atoms are omitted for clarity. (b)

Packing structure of ADC. DCA moieties are omitted for clarity. N, blue; O, red; C, grey; H, light gray.
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UV-vis absorption spectrum of a diluted methanol solution of (DCA),ADC (10 uM) showed m-m*
transition bands with vibronic structures at 337 (0-3), 353 (0-2), 371 (0-1) and 392 nm (0-0) which are
characteristic to anthracene-based compounds (Fig. 4-3-3). The emission spectrum in methanol shows a
vibronic progression mirroring that of the absorption spectra starting with the 0-0 band near 400 nm. In the
crystals of (DCA)>ADC, absorption peaks were moderately broadened and red-shifted to 342, 363, 381 and
402 nm. This change reflects an existence of weak dipole-dipole interactions between the transition dipole
moments of anthracene moieties. Emission bands of the (DCA),ADC crystals showed disappearance of the 0-
0 vibrational band, indicating the internal filter effect widely observed for the condensed solid sample (Fig. 4-
3-3). It however showed small red shifts compared to those of the diluted methanol solution of (DCA).ADC.
The width of the observed red shift was as small as 75 meV in energy, and such small energy loss is
advantageous as emitting materials in sensitized TTA-UC. Interestingly, the ionic crystal (DCA)>ADC showed
a higher fluorescence quantum yield @ of 74% compared to that of (DCA);ADC in solution (49%),

suggesting the restriction of vibrational deactivation in the rigid crystalline environment.
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Figure 4-3-3. UV-vis absorption spectra (solid lines) and emission spectra (broken lines) of (DCA)2ADC in a
10 uM methanol solution (blue) and ionic crystals (red). The excitation wavelength was selected as Aex =365

nm.
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4-3-2 Incorporation of the donor into the ionic crystals

The donor PdMesoP molecules weretaken up from the solution to acceptor ionic crystals (DCA).ADC
during the crystallization process. Pale-pink crystals were obtained after 3 days by incubating the ternary
mixture of HoADC, dicyclohexylamine and PdMesoP in methanol, suggesting the formation of composite
crystals PdMesoP-(DCA),ADC (see Experimental section for details). The amount of accommodated donor
was estimated by dissolving the composite crystals in methanol and measuring UV-vis absorption spectra. The
donor-acceptor molar ratio in PdMesoP-(DCA),ADC was estimated as ca. 10000 to 1. Interestingly, the single-
crystal X-ray analysis of PdAMesoP-(DCA)>ADC showed that the inclusion of such small amount of donor did
not affect the basic acceptor crystal structure. To investigate the dispersed state of PdMesoP molecules in the
ionic crystal, absorption spectra were measured (Fig. 4-3-4). A 10 uM DMF solution of PdMesoP showed a
Q(0,0) band at 545 nm, whereas this band is broadened and red-shifted to 558 nm in bulk PdMesoP solid due
to aggregation. Significantly, absorption spectra of PdMesoP-(DCA),ADC showed almost similar peaks
compared to that in DMF. This result clearly indicates that PdMesoP molecules are molecularly dispersed
without aggregation in the ionic crystals. The inclusion of PdMesoP in (DCA),ADC ionic crystals was also
evident from the slight decrease of fluorescence quantum yield @r; from 74% to 56% which is ascribable to

reabsorption and/or back energy transfer to in-crystal PdMesoP molecules.
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Figure 4-3-4. UV-vis absorption spectra of PdMesoP-(DCA)2ADC crystals (red), PdMesoP-DPA crystals (pink),
10 yM DMF solution of PdMesoP (blue) and bulk PdMesoP (black).
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To confirm the role of ionic interactions for molecularly dispersing PdMesoP in (DCA),ADC crystals,
control experiments were carried out by using nonionic donor PtOEP or non-ionic acceptor DPA (see
Experimental Section for the sample preparation). A certain amount of nonionic PtOEP molecules was
incorporated into the ionic crystals of (DCA),ADC, but the absorption peaks of PtOEP in the crystals exhibited
broadening and red-shift compared to that in molecularly dispersed solution, indicating the aggregation of
PtOEP (Fig. 4-3-5). Likewise, PdMesoP in DPA crystals showed broadened, red-shifted spectrum and ionic
PdMesoP formed aggregates when nonionic acceptor DPA was used as host crystals (Fig. 4-3-4). That is, the
linear ionic networks formed in ionic crystals (DCA)2ADC show adaptive ability which can alleviate structural
mismatch of the incorporated ionic PdMesoP molecules. That is, the linear ionic networks formed in ionic
crystals (DCA)2ADC show adaptive ability which can alleviate structural mismatch of the incorporated ionic

PdMesoP molecules.
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Figure 4-3-5. UV-vis absorption spectra of PtOEP-(DCA).ADC crystals (purple), diluted THF solution of
PtOEP (10 uM, blue) and bulk PtOEP solid (red).
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4-3-3 TTA-UC of the ionic crystals

The TTA-UC characteristics were evaluated by using sub-mm-sized single crystals of PdMesoP-
(DCA),ADC. The crystals were collected and sealed in an Ar-filled glove box. Under excitation with a 532
nm laser, upconverted emission was clearly observed with the maximum intensity at around 435 nm (Fig. 4-
3-6). Interestingly, a negligible phosphorescence emission from PdMesoP was observed from PdMesoP-
(DCA),ADC, where the phosphorescence quantum yield (@p) was estimated as less than 0.1%. Taking into
account the fact that PdMesoP molecules are molecularly dispersed in the crystals, a quantitative TET from
the donor to the surrounding acceptor is strongly suggested. The excitation intensity dependence of UC
emission intensity showed a quadratic-to-linear transition by increasing the excitation intensity, characteristic
to TTA-based UC mechanism (Fig. 4-3-7).2!">* The crossing point of these two regimes is called as threshold
excitation intensity I, and it represents a useful figure-of-merit of TTA-UC. A relatively low 7, value of 49
mW cm™ was observed in PdMesoP-(DCA),ADC, reflecting the efficient TET and effective triplet diffusion

in ionic crystals.

Excitation Intensity

5.6 Wem™

0.3 mWcm™2

UCPL Intensity (a.u.)

Aex =532 nm

- — & - 1 & F T =T 7T 1
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 4-3-6. Photoluminescence spectra of PdMesoP-(DCA)2ADC crystals at various excitation intensities

(Aex = 532 nm). The scattered incident light was removed by a 532 nm notch filter.
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Figure 4-3-7. Double logarithmic plots of the UC PL intensity of PdMesoP-(DCA)ADC crystals as a function
of the excitation intensity. Linear fits with slope 2 and 1 in the lower and higher excitation intensity regimes are

shown.

The TTA-UC efficiency @uyc’ of PAMesoP-(DCA),ADC was determined by the absolute method using an
integrating sphere and the laser excitation source to avoid inaccuracy that could arise from the strong light
scattering of the crystals. While the main objective of the current work is to prove the concept using the model
ionic crystals, the composite ionic crystals PdMesoP-(DCA),ADC already showed a high @y¢’ value of about
6% (Fig. 4-3-8). This relatively high ®yc’ value originates from not only the aggregation-free donor

accommodation but the less structural defects as discussed below.
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Figure 4-3-8. TTA-UC efficeincy as a function of the excitation intensity of 532 nm laser for single crystals (red)
and ground powders (green) of PdMesoP-(DCA)2ADC.

To unveil the relationship between the UC efficiency and defects, we compared the basic photophysical
properties of samples with different degree of the structural disorder while keeping the identical composition
and structure. To introduce defects on purpose, single crystals of PdMesoP-(DCA),ADC were mechanically
ground using a mortar for 10 min in the Ar-filled glove box. PXRD measurements confirmed that this ground
powder keeps the crystal structure of (DCA),;ADC (Fig. 4-3-9) The absorption and emission spectral features

are mostly maintained after the grinding, supporting the intact crystal structure (Fig. 4-3-10).
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Figure 4-3-9. APXRD pattern of PdMesoP-(DCA)2ADC powder (green) and a simulated pattern of (DCA).ADC

from its single crystal structure measured (gray).
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Figure 4-3-10. UV-vis absorption spectra (solid lines) and emission spectra (broken lines) of single crystals
(red) and ground powder (green) of PdMesoP-(DCA)2ADC. Excitation wavelength was selected as Aex =365

nm.
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Interestingly, the ground powder of PdMesoP-(DCA),ADC showed about 20 times lower UC efficiency
Dyc’ (0.3%) than that of original crystals (6%) (Fig. 4-3-8). To get insight into this drastic difference in UC

efficiency, related parameters were examined. The @y¢’ can be described by the following expression,

(DUC’ = f‘plsc‘pET‘pTTA‘pFL (1)

where @;sc, @er, and Dy represent the quantum efficiencies of donor ISC, donor-to-acceptor TET, acceptor-
acceptor TTA. The parameter f is the statistical probability for obtaining a singlet excited state after the
annihilation of two triplet states. In both systems of single crystals and powder, the @;sc can be regarded as
same. The @7 are quantitative in both systems because of no detectable donor phosphorescence peak at 660
nm (Fig. 4-3-6 and 4-3-11). In general, the parameter fis controlled by a relationship between an energy level
of S; state and other triplet states.??** Considering that the crystal structure and absorption/emission spectra
were identical between the single crystals and powder, these samples can be assumed to have the similar f
value. From these considerations, the differences between the two samples are limited to @7 and @rry. We
observed a lower @r; value for the powder sample (44%) compared with that of single crystals (56%). However,
this difference cannot explain the 20 times difference in @yc’. These results suggest that a lower @74 value in

the powder sample significantly reduces @uc’.

74



Excitation Intensity

7.4 Wem™?

1.2 mWcm?2

Aex =532 nm

UCPL Intensity (a.u.)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4-3-11. Photoluminescence spectra of PdMesoP-(DCA).ADC ground powder prepared under Ar
atmosphere with various excitation intensities (Aex = 532 nm). Scattered incident light was removed by using a

532 nm notch filter.

In typical in-solution TTA-UC, @74 value can be estimated by fitting UC emission decays with the

following equation,**?

loe@® o [Tyl = [Tylo (ima )’ @

explkat]-Prra

where Iyc(f) is the time-dependent UC emission intensity and [74] is the population density of acceptor triplets.
However, this equation did not fit well the decay curves of the delayed fluorescence from the both of our single
crystals and powder, especially at a shorter time range (Fig. 4-3-12), implying the presence of deactivation
channels not observed in solution. While it is difficult to quantitatively estimate the @774 value, from the tail
part of UC emission decays, we observed a shorter triplet lifetime z7 for the powder sample (1.7 ms) than that
for the single-crystal sample (2.9 ms). This comparison gives another support of more prevailing quenching
sites in the ground powder. The effect of trap sites upon exciton behaviors have been reported for various
crystalline systems.?**® However, to the best of our knowledge, there have been no reports on the direct
evaluation of defect influence in sensitized TTA-UC. This gives the better understanding of the reported poor
UC efficiencies in crystalline TTA-UC systems and offers important design guidelines to develop solid-state

photon upconverters.
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Figure 4-3-12. Photoluminescence decays at 435 nm for (a) single crystals and (b) ground powder of
PdMesoP-(DCA).ADC. The blue fitting curves were obtained by considering the equation (2) in the main text.

Insets show magnifications at faster decay range.
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4-4 Conclusion

In this chapter, it is shown that the use of ionic interactions serves as a be the rational strategy to achieve
homogeneous dispersion of ionic donor molecules in acceptor ionic crystals with maintenance of highly-
ordered rigid structure. In the simple anthracene-based model ionic crystal system, the accommodated anionic
donor quantitatively transfers the triplet energy to the anionic acceptor, resulting in the relatively high UC
efficiency. Besides, we unveiled the effect of defects upon TTA-UC properties for the first time by evaluating
TTA-UC properties between two samples, single crystals and mechanically-ground powder. The basic
knowledge obtained in the current simple model system offers important guidelines for designing upconverting
crystals; the formation of ionic networks that adaptively alleviate the structural mismatches of donor molecules
and the consequent suppression of disorder. The rational extension of this concept to other chromophore
systems with higher fluorescence quantum yield and larger orbital overlaps between neighbouring
chromophores would lead to the realization of ultimate solid upconverters exhibiting a close-unity UC

efficiency at the solar irradiance.
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Chapter 5 Donor-Acceptor-Collector Ternary Crystalline Films for
Efficient Solid-State Photon Upconversion

Abstract

It is pivotal to achieve efficient triplet-triplet annihilation based photon upconversion
(TTA-UC) in the solid-state for enhancing potentials of renewable energy production
devices. However, the UC efficiency of solid materials is largely limited by low
fluorescence quantum yield due to the chromophore aggregation as well as severe back
energy transfer from the acceptor singlet state to the triplet donor in the condensed state.
In this work, to overcome these issues, we introduce a highly fluorescent singlet energy
collector as the third component of donor-doped acceptor crystalline films. Anthracene-
based acceptor containing alkyl chains and a carboxylic moiety is mixed with the triplet
donor Pt(II) octaethylporphyrin (PtOEP) and the energy collector 2,5,8,11-tetra-tert-
butylperylene (TTBP) in solution, and spin-coating of the mixed solution gives crystalline
acceptor films homogeneously doped with PtOEP and TTBP. Interestingly, delocalized
singlet excitons in acceptor crystals are found to diffuse effectively over the distance of
~20 nm. Thanks to this high diffusivity, only 0.5 mol% of doped TTBP can harvest the
most of singlet excitons, which successfully doubles the solid-state fluorescent quantum
yield to 76%. Furthermore, since donor PtOEP and the collector TTBP are separately
fixed in acceptor crystals, the singlet back energy transfer from collector to the donor is
effectively avoided. Such efficient singlet energy collection and prohibited back energy
transfer result in a large increase of UC efficiency up to 9.0%, offering the rational design

principles towards ultimately efficient solid-state upconverters.
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5-1 Introduction

On the demands for utilization of solar energy, photon upconversion (UC) has the great potential to go
beyond Shockley-Quiesser limit by recovering sub-bandgap photons. Among various UC mechanisms, triplet-
triplet annihilation based photon upconversion (TTA-UC) has attracted much attention because of its inherent
ability to utilize weak excitation power sources like sunlight.!!* In the common TTA-UC scheme, photo-
excited triplet donor molecules undergo intersystem crossing (ISC) from S, to T, and triplet energy transfer
(TET) to acceptor molecules, followed by acceptor-acceptor TTA and UC emission from the acceptor S; state.

For applications of TTA-UC to real-world devices, solid-state systems are highly preferred since they are
free from volatile and toxic organic solvents. To achieve solid-state TTA-UC, mainly two different approaches
have been proposed; molecular diffusion in rubbery polymer matrices and energy migration in chromophore
assemblies. Castellano, Weder, Kim and coworkers have reported highly efficient TTA-UC by dispersing donor
and acceptor dyes in soft rubbery polymers,'*!” but the inevitably slow molecular diffusion in the solid-state
remains as an essential challenge for further improvement. On the other hand, a few groups including us have
pursued the development of solid-state upconverters by doping donor molecules in acceptor assemblies, and
utilizing TET from donor to adjacent acceptors and triplet energy migration in the regularly self-assembled
acceptor arrays.'®>* While this energy migration-based UC has the potential to attain ultimate solid
upconverters with high efficiency at low excitation intensity, the TTA-UC efficiency is often quite limited. The
reasons for this low UC efficiency are closely associated with the condensed material structures. First, donor
molecules tend to aggregate, which results in the inefficient TET. Second, although the large orbital overlap
between acceptor moieties is required for fast triplet energy migration, it often decreases the acceptor
fluorescence efficiency through various deactivation pathways in the assembled state. Third, since the donor
and acceptor molecules are highly condensed, a certain part of upconverted singlet energy is consumed by
undesirable back energy transfer from acceptor to the donor. The third issue should become more serious with
new triplet donors such as semiconductor nanocrystals and singlet-to-triplet (S-T) absorption metal complexes,
recently developed for the near-infrared (NIR)-to-visible TTA-UC, due to the severe overlap between donor
absorption and acceptor emission.!’>>3* Therefore, the development of a rational strategy is strongly desired

to solve these issues based on the understanding of exciton behaviors in the complex condensed state.
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In this chapter, the UC efficiency is shown to be largely improved by the introduction of the third
component, highly fluorescent singlet energy collector, for improving the fluorescence quantum yield and
avoiding the back energy transfer to the donor (Figure 5-1-1a). As previously discussed, the modification of
acceptor anthracene with carboxylic acid and multiple alkyl chains (A2, Figure 5-1-1b) satisfies both the good
crystallinity and the good dispersibility of donor platinum octaethylporphyrin (PtOEP). In this work, an energy
collector, 2,5,8,11-tetra-tert-butylperylene (TTBP) was further added to the system, whose absorption has a
larger spectral overlap with the acceptor fluorescence compared with donor’s absorption. By simple spin-
coating of a mixed solution of A2, PtOEP, and TTBP, PtOEP and TTBP could be molecularly dispersed in
crystalline A2 thin films. By the addition of TTBP, the UC efficiency was successfully improved from 4.2%
to 9.0%. To understand this observation, various experiments were conducted to study the basic exciton
behavior in the condensed films. By analyzing the dynamics of acceptor singlet state with the aid of Monte
Carlo simulation, it was found that delocalized singlet excitons with a long lifetime of 29.7 ns give a
significantly long singlet diffusion length of 26.1 nm. Thanks to this excellent singlet diffusivity, only 0.5
mol% of doped TTBP could harvest most of the acceptor singlet energy. Furthermore, since the donor PtOEP
and the collector TTBP are fixed in a spatially separated manner in the A2 film, the singlet back energy transfer
from TTBP to PtOEP was completely suppressed, which has been difficult to achieve with donor-acceptor two-
component systems. The current UC efficiency enhancement based on the detailed understanding of exciton
behaviors would provide an important research direction toward processable solid-state upconverters with

ultimate efficiency.
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Figure 5-1-1. (a) Energy diagram for TTA-UC, followed by singlet energy migration and collection. A triplet
state of donor T+ p, formed by intersystem crossing (ISC) from the photo-excited singlet state S1p, experiences
triplet energy transfer (TET) to an acceptor. Two acceptor triplets T1,a annihilate to form a higher singlet energy
level S1.4. Singlet energy migration among acceptor arrays and singlet energy transfer (SET) to the collector,
which consequently produces upconverted delayed fluorescence. Back SET from collector to donor is
effectively suppressed since they are spatially fixed in the separated geometry. (b) Chemical structures of

donor PtOEP, acceptor A2 and energy collector TTBP.
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5-2 Experimental section
5-2-1 Materials

All the solvents were used as received without further purification. Acceptor A2 was synthesized by
following our previous report.?! TTBP was purchased from TCI and purified by sublimation. PtOEP was

purchased from Aldrich and used as received. Nile Red was purchased from TCI and used as received.
5-2-2 General methods

UV-visible absorption spectra were recorded on a JASCO V-670 spectrophotometer. Fluorescence spectra
were measured by using a PerkinElmer LS 55 fluorescence spectrometer. Time-resolved photoluminescence
lifetime measurements were carried out by using a time-correlated single photon counting lifetime
spectroscopy system, HAMAMATSU Quantaurus-Tau C11367-02 (for fluorescence lifetime) and C11567-01
(for delayed luminescence lifetime).

Photophysical measurements. For TTA-UC measurements, the films were prepared by spin-coating of 0.1
mL of CHCI; solution containing PtOEP (20 uM), A2 (20 mM) and TTBP (100 uM) in an Ar-filled glove box
([02] < 0.1 ppm). Spin-coated films were sealed between glass plates by using epoxy resin.

For TTA-UC emission spectra, a diode laser (532 nm, 200 mW, RGB Photonics) was used as an excitation
source. The laser power was controlled by combining a software (Ltune) and a variable neutral density filter
and measured using a PD300-UV photodiode sensor (OPHIR Photonics). The laser beam was focused on a
sample using a lens. The diameter of the laser beam (1/e*) was measured at the sample position using a CCD
beam profiler SP620 (OPHIR Photonics). A typical area of laser irradiation spot estimated from the diameter
was 1.0x107 cm?. The emitted light was collimated by an achromatic lens, the excitation light was removed
using a notch filter (532 nm), and the emitted light was again focused by an achromatic lens to an optical fiber
connected to a multichannel detector MCPD-9800 which was supplied and calibrated by Otsuka Electronics

and equipped with a CCD sensor for the detection of whole visible range with high sensitivity.
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The UC efficiency was determined relative to a standard (Nile red in the A2 films) according to the

following equation:?

2
Asta (Fuc) (Ista (Nuc

i =2 (322) (722) (2) (72)
ue std Auc/ \Fsta/ \luc/ \Nsta

where @, 4, F, I, and » represent quantum yield, absorbance at the excitation wavelength, integrated
photoluminescence spectral profile, excitation intensity, and the refractive index, respectively. The absolute
fluorescence quantum yield of the standard, Nile red in the A2 film (Nile red/A2 = 0.2 mol%), was determined
as 0.36.
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5-3 Results and discussion
5-3-1 Preparation and photophysical properties of A2 films.

The preparation of the film of lipophilic acceptor A2 was conducted by spin-coating chloroform solution
of A2 (see experimental section for detail). The film thickness and density was about 100 nm and 1.02 g cm™,
respectively. The presence of inter-chromophore interactions in A2 films were investigated by absorption and
fluorescence measurements. Figure 5-3-1a shows UV-visible absorption and emission spectra of A2 in a
diluted (50 uM) CHCI; solution and a spin-coated film. The solution spectrum showed n-n* transition bands
with peaks at 342, 359, 376 and 397 nm characteristic to anthracene-based compounds. These peaks showed
small redshifts of ca. 5 nm to 347, 364, 382 and 403 nm in the film. Larger redshifts of ca. 32 nm from 426
nm to 458 nm were observed for the fluorescence spectra. These spectral shifts in absorption and emission
spectra suggest the existence of inter-chromophore interactions both in the ground and excited states. These
imply the formation of energetically-stabilized delocalized excitons in the assembled state, which was also
supported by the fluorescence lifetime measurements (Figure 5-3-1b). The CHCl; solution of A2 showed a
single-exponential decay with a lifetime of 5.9 ns. On the other hand, the A2 film showed a much longer
fluorescence lifetime of 29.7 ns with two components (1.50 ns, 3% and 30.5 ns, 97%). This long lifetime in

the assembled state enables a long-range diffusion of the delocalized excitons as shown below.
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Figure 5-3-1. (a) UV-vis absorption spectra (solid lines) and emission spectra (dashed lines) of A2 in 50 pM
CHCIs solution (black) and spin-coated film (blue). The excitation wavelength was selected as Asx = 350 nm.
(b) Photoluminescence decays of A2 in 50 uM CHCIs solution (black) and spin-coated film (blue). The

excitation wavelength was selected as Aex = 365 nm. Fitting lines are indicated by red lines.
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5-3-2 Singlet exciton diffusion in A2 films

The detailed understanding of singlet exciton dynamics gives a foundation to achieve an efficient
upconverted singlet energy collection. For this purpose, we evaluated the singlet diffusion coefficient and
length in A2 films by modeling the PL decays of A2/quencher blends with different quencher concentrations
using Monte Carlo simulation. This method has been developed by Mikhnenko and Loi et al., and it has been
shown that this method can be applied to polymers and small molecules.?!*? [6,6]-phenyl-Cq;-butyric acid
methyl ester (PCBM) was employed as an exciton quencher molecule, and it was dispersed in the A2 films
during the spin-coating. Figure 5-3-2 shows PL decays of A2/PCBM blend films with various PCBM volume
fractions. The PL decays could be fitted as bi-exponential decays. These two components were recognized as
the emission from a monomeric (shorter lifetime) and assembled state (longer lifetime), respectively. The
averaged decay time decreased with increasing the PCBM content, which is consistent with the assumption of
non-radiative quenching. It is to note that the assembled state in the A2 films was maintained in the presence

of PCBM, as indicated by the maintenance of similar PL spectral shape (Figure 5-3-3).
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Figure 5-3-2. PL decays of A2/PCBM films with various volume fractions (0 to 5.0 X 10-3%) of PCBM. the

excitation wavelength was selected as Aex = 400 nm.
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Figure 5-3-3. PL spectra of A2/PCBM films with various volume fractions (0 to 5.0 X10-3%) of PCBM. The

excitation wavelength was selected as Asx =400 nm, and a 430 nm long-pass filter was used to remove the

excitation light scattering.

We applied the Monte Carlo simulation of 3D exciton diffusion in a medium with a morphology of
arbitrary complexity. This simulation assumes that non-interacting excitons undergo a random walk in the
medium and decay non-radiatively when they reach a quenching site during their lifetime. The relationship
between the volume fraction of quencher and quenching efficiency provides the information about the exciton
diffusion. This simulation is done with the volume fraction of PCBM molecules, the morphology of the blend
(details are mentioned later), and the parameters of the PL decay in the A2 film as inputs and, a fixed hopping
distance Js during each iteration time is obtained J¢ as an output. According to the Einstein theory of random

walks the exciton diffusion coefficient D is related to ds and Jt as:®!

852
Py (1

From this value, the 3D exciton diffusion length L is calculated using the following equation:3*

L= 3D7 @)
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where 7 represents average PL lifetime in pristine A2 film. The value Lp is approximately equal to the average
displacement of an exciton from its initial position. The fitting results in an exciton diffusion coefficient of
(1.29+0.3) X 10 cm?s!, which corresponds to an exciton diffusion length of 26.1+3 nm. This obtained
diffusion length is considerably longer than those for typical singlet exciton diffusion in films consisting of
small-molecules. Consistency between the experimental and simulated results was confirmed by plotting the

relative quenching efficiency Q with various volume fraction of PCBM, which is defined as:?!

Q=1- e ()
where PLpiena and PLyyisine are normalized to the value at time zero PL decays of an A2/PCBM blend and A2
pristine film, respectively. Figure 5-3-4 shows the measured relative quenching efficiency versus PCBM
volume fraction in A2-PCBM blends. The solid lines were modeled using the Monte Carlo simulation by
setting previously extracted exciton diffusion length for each film and assuming the blend morphologies of
homogeneous mixture (orange line) and clustering of two PCBM molecules (green line). The measured data
for A2 films is well described by the contribution of these two simulated curves in all the studied range of
PCBM volume fractions. It is reasonable to assume that the formation of PCBM clusters easily occurs in blends
of higher PCBM fractions during the solvent evaporation. Similar behavior was observed in the original paper

of Mikhnenko and Loi et al.’!
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Figure 5-3-4. Measured (circles) and modeled (lines) dependencies of relative quenching efficiency versus
volume fraction of A2/PCBM blend films. Blue dots represent raw results of three sets of measurements and
red dots shows their average. Orange and green lines represent the fittings of the experimental data with
Monte Carlo simulation by setting the blend morphology of intimate mixture and two PCBM molecules per

cluster, respectively.
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To understand the nature of the long singlet exciton diffusion length in A2 film, we applied a modified

Stern-Volmer equation to the measured decay datum, which equation is described as:
T=kQl+ 4)

where 7, k and [Q] represent a measured PL decay time of A2 including a certain amount of PCBM, quenching
rate constant, and concentration of quencher molecules, respectively. Each PL decays could be fitted using two
components. The origin of the longer component can be attributed to the energetically-stabilized assembled
state, and the shorter component is presumably ascribed to monomeric species or defect sites. Figure 5-3-5
shows the fitting results for each component. The component with longer lifetime well follows the linear fitting
line (R? = 0.98), whereas the shorter component does not fulfill the linear relationship (R? = 0.57). This result
strongly suggests that the delocalized excitons in the assembled state with long lifetime mainly contributes to

the long-range diffusion.
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Figure 5-3-5. Modified Stern-Volmer plots for components with shorter lifetime (blue) and longer lifetime

(orange) of PL decays of A2/PCBM blend films as a function of PCBM concentration in A2.
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5-3-3 Singlet energy collection to TTBP in A2 films

The above-mentioned long singlet diffusion length in A2 films motivated us to introduce singlet energy
collector TTBP for the improvement of fluorescence quantum yield. The excited singlet energy levels of A2
and TTBP were appropriate for energy collection as confirmed by a large spectral overlap between the emission
of A2 films and the absorption of TTBP in solution (Figure 5-3-6). An effective energy harvesting was actually
observed in the PL spectra and decays of A2/TTBP blend films with different TTBP contents (Figure 5-3-7).
By increasing the TTBP content in the A2 films, the fluorescence spectral shape largely changed from that of
A2 films to TTBP even at 0.1 mol% of TTBP, and the TTBP emission became dominant at as low as 0.5 mol%
of TTBP. At the same time, the decay of A2 emission at 4 =425 nm showed an intense drop by the addition of
TTBP. Considering the fact that the absorption spectra of A2 films are unchanged even with increasing the
amount of TTBP (Figure 5-3-8a), the reduction in decay time of A2 emission was originated from an energy
transfer from A2 to TTBP, and not due to a degradation of A2 assembly structure. Since the emission at 4 =
425 nm exclusively originates from A2, we can estimate the energy transfer efficiency, @gr, by the following

equation:

bpr=1- — 5)
To
where 7 represents average PL lifetime in A2/TTBP blend films. Estimated energy transfer efficiency at various
TTBP contents are summarized in Figure 5-3-8b and Table 5-3-1. The ®gr value drastically increases when

the TTBP content is increased from 0.01% to 10% and it reaches to about 50% at 0.2 mol% of TTBP. This

tendency is consistent with the changes in the emission spectra mentioned above.
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Figure 5-3-6. UV-vis absorption spectra (solid lines) and emission spectra (dashed lines) of A2 films (blue)
and TTBP in 50 yM Chloroform solution (green). The excitation wavelength was selected as Aex =350 nm for

A2 films and Aex =360 nm for TTBP solution.
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Figure 5-3-8. (a) UV-vis absorption spectra of A2/TTBP blend films with various TTBP contents. (b) @er
values as a function of TTBP content for A2/TTTBP blend films.
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Table 5-3-1. Average fluorescence lifetime t, singlet energy transfer efficiency ®sr and fluorescence

quantum yield @ of A2/TTBP blend films at various TTBP contents.

TTBP [mol%)] T [ns] Per [%] O [%]
0 29.7 - 34
0.01 27.9 6 45
0.1 19.6 34 57
0.2 16.1 46 63
0.5 7.12 76 71
10 1.87 93 28

Fluorescence quantum yield of A2/TTBP blend films, @r;, was measured by using an integrating sphere
(Table 1). As expected, the @x value gradually increased with increasing the amount of TTBP. The highest
fluorescence quantum yield of 71% was observed at 0.5 mol% of TTBP, which is more than two times higher
than that of A2 pristine film. Note that most of the TTBP molecules in the blend films are considered to be
dispersed homogeneously up to the mixing ratio of 0.5 mol% since the emission spectrum the A2/TTBP blend
film at 0.5 mol% TTBP is close to that in diluted solution of TTBP (Figure 5-3-9). The drop of @p; at the
higher TTBP content of 10 mol% would be due to the aggregation of TTBP, as the pristine TTBP spin-coated
film showed a low fluorescence quantum yield of 12%. At the TTBP content of 0.2 mol%, where about the
half of A2 singlet energy is collected to TTBP, the distance from a TTBP molecule to the farthest A2 molecule
is estimated to be about 5.8 nm by using the density of A2 film. This distance is not directly correlated with
the singlet diffusion length of 26.1+3 nm in A2 films obtained by the fluorescence quenching method. The
reason for this discrepancy is not clear but probably related to different rate constants of singlet energy
quenching/collection, or unfavorable TTBP position/orientation in A2 films. Nevertheless, the @ value was
significantly improved by the synergistic effect of long-range diffusion of delocalized A2 singlet excitons and

the high fluorescence quantum yield of molecularly dispersed TTBP in the blend films.
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Figure 5-3-9. (a) PL spectra of TTBP in 50 uM Chloroform solution (blue), A2/TTBP blend film at 0.5 mol%

TTBP (green) and spin-coated film of TTBP (red). Excitation wavelength was selected as Asx =350 nm.
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5-3-4 Suppressed back energy transfer and upconverted energy collection in PtOEP/
A2/TTBP ternary films
For the realization of upconverted energy collection, PPOEP/A2/TTBP blend films were prepared by spin-
coating. In these films, PtOEP, A2 and TTBP act as triplet donor, triplet acceptor and energy collector/emitter,
respectively. We confirmed that the photophysical properties of spin-coated A2 films were not affected by
adding 0.1 mol% of PtOEP (Figure 5-3-10). Interestingly, in our previous report, we used the drop-cast instead
of spin-coating to make solid samples, and we observed that the addition of the same amount of PtOEP
completely changed the absorption and emission spectra of A2. Thus the spin-coating is found to be the

effective method to maintain the original photophysical properties in the presence of additives.
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Figure 5-3-10. UV-vis absorption spectra (solid lines) and emission spectra (dashed lines) of A2 films with

(deep red) and without (orange) 0.1 mol% PtOEP. The excitation wavelength was selected as Aex =350 nm.

To improve the UC efficiency in condensed systems, it is important to suppress the back energy transfer
from upconverted singlet state to donor molecules. We evaluated this factor by measuring prompt fluorescence
decay curves of spin-coating films prepared by using different components. Figure 5-3-11a shows the
comparison of fluorescence decays of A2 and A2/PtOEP films. The decay became apparently faster by the
addition of PtOEP, and the average lifetime decreased from 29.7 ns to 17.8 ns by adding 0.1 mol% PtOEP. A
certain amount of reduction in lifetime after adding PtOEP indicates the presence of back energy transfer. A
back energy transfer efficiency @zgris quantified by a similar manner as equation (5). For the A2/PtOEP blend
films, @ppr is estimated as 40%, showing the major adverse effect. On the other hand, in the case of the
PtOEP/A2/TTBP ternary film, a negligible effect of back energy transfer was observed (Figure 5-3-11b). The
average lifetime of TTBP in the PtOEP/A2/TTBP films (8.93 ns) was almost similar to that of A2/TTBP films
(8.44 ns).
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Figure 5-3-11. (a) PL decays of A2 films with (deep red) and without (orange) 0.1 mol% PtOEP. (b) PL decays
of A2/0.5 mol% TTBP films with (deep green) and without (light green) 0.1 mol% PtOEP. The excitation

wavelength was selected as Aex =365 nm and PL decays were detected at 460 nm. Fitting lines are indicated

as red lines.
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Figure 5-3-12. PL decays of 10 mM TTBP solution with (green) and without (blue) 2 mM PtOEP. The excitation

wavelength was selected as Aex =365 nm. Fitting lines are indicated as red lines.

To our interest, a considerable back energy transfer from TTBP to PtOEP (®szr = 37%) was observed in
a chloroform solution of TTBP and PtOEP when the concentration of these molecules is same as that in A2
films (Figure 5-3-12). These results clearly demonstrate that the unfavorable back energy transfer, inevitable
in the molecular diffusion system, can be effectively suppressed by the appropriate spatial control of multiple

chromophores in the diffusion-free solid-state architecture.
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Finally, the effect of the energy collector TTBP upon TTA-UC performances was evaluated. Under
excitation with a 532 nm laser, an upconverted emission was clearly observed from both the PtOEP/A2 and
PtOEP/A2/TTBP blend films (Figure 5-3-13). The difference in spectral shape of upconverted emission
between these two samples reflects the effect of energy collection to TTBP as observed in the fluorescence

spectra (Figure 5-3-7a).
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Figure 5-3-13. PL spectra of (a) PtOEP/A2 films (0.1 mol% PtOEP) and (b) PtOEP/A2/TTBP films (0.1 mol%
PtOEP, 0.5 mol% of TTBP) under Ar with various excitation intensities (Aex = 532 nm). The scattered incident

light was removed by using a 532 nm notch filter.

The TTA-UC mechanism in these samples was confirmed by excitation power dependence of UC PL
intensity and UC PL decay profiles. Generally, TTA-UC emission intensity shows a quadratic-to-linear
transition with increasing the excitation intensity, and the transition point gives a threshold excitation intensity
(I).3%36 Above Iy, the TTA becomes the main deactivation channel for the acceptor triplets. The excitation
intensity dependence of UC PL intensity of the blend films showed the quadratic-to-linear transition, and
similar 7, values of 207 mWcm™? and 195 mWem™ for PtOEP/A2 and PtOEP/A2/TTBP films (Figure S5-3-
14a). From the tail part of the UC PL decay curves shown in Figure 5-3-14b, we estimated similar triplet
lifetime 7r of these samples (3.9 ms for PPOEP/A2 film and 3.5 ms for PPOEP/A2/TTBP). These results provide
the clue about chemical species responsible for TTA process. The similar /4 and 77 values imply that the TTA
process mainly takes place between A2 molecules regardless of the presence of TTBP. Therefore, in the current
system TTBP is considered to mainly act as energy collector of the singlet state formed after the TTA process

(Figure 5-1-1).
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Figure 5-3-14. (a) Double logarithmic plots of the UC PL intensity as a function of the excitation intensity for
PtOEP/A2 films (orange) and PtOEP/A2/TTBP films (green) under Ar atmosphere. The linear fits with slope 2
and 1 in the lower and higher excitation intensity regimes are shown. (b) PL decays at 460 nm for PtOEP/A2
films (orange) and PtOEP/A2/TTBP films (green) under Ar atmosphere. The red fitting curves were obtained
by considering the known relationship of luc(t) <exp(—t/tuc) = exp(—=2t/tr), where tyc is UC emission lifetime

and tr is triplet lifetime.

In general, quantum yield is defined as the ratio of absorbed photons to emitted photons, and thus the
maximum quantum yield of TTA-UC (@uc) is 50%. However, many reports multiply this value by 2 to set the
maximum efficiency at 100%. To avoid the confusion between these different definitions, the UC efficiency is
written as @yc’ (= 2@yc) when its maximum is normalized to be 100%. TTA-UC efficiency @uc’ of each film
was determined by the relative method with Nile red as a standard. A relatively high @y’ value of 4.2% was
observed for PtOEP/A2 film (Figure 5-3-15). The gradual decrease in the high excitation intensity regime
might be due to the degradation caused by the strong laser excitation. Remarkably, the addition of TTBP
increased the @yc’ value to 9.0%, which is one of the highest values among crystalline upconverters. This
significant improvement of UC efficiency should originate from the synergistic effect of the enhancement in
fluorescence quantum yield by the singlet energy collection to TTBP and the suppressed back energy transfer

from TTBP to PtOEP.
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Figure 5-3-15. TTA-UC efficiency as a function of the excitation intensity of 532 nm laser for PtOEP/A2 films
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5-4 Conclusion

In this chapter, the UC efficiency in the solid-state has been improved based on the detailed understanding
of exciton dynamics related to the energy collection process. Highly efficient singlet energy harvesting was
realized thanks to the long-range diffusion of delocalized singlet excitons in the assembled state. The
introduction of the energy collector not only improved the fluorescence quantum yield, but also suppressed the
back energy transfer to the donor, both of which have been the serious problems of triplet energy migration-
based UC in solvent-free condensed systems. In terms of device fabrication, the simple and scalable solution-
based process has a significant advantage. While our current study focused on the benchmark green-to-blue
TTA-UC, this strategy would be able to be generalized to other wavelength conversions. The NIR-to-visible
TTA-UC is extremely important for energy and biology applications, and recent research efforts have enabled
this by developing new types of triplet sensitizer such as inorganic semiconductor nanocrystals and S-T
absorption metal complexes.!!*>-3* However, the broad absorption of these triplet donors extensively overlaps
with acceptor emission, where the back energy transfer is the apparent issue even in solution systems. The
singlet energy collection approach could also solve this issue by suppressing the back energy transfer. The
singlet energy migration and collection would become a crucial strategy to realize an ultimately efficient TTA-

UC in the solid-state.
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Chapter 6 Conclusion and future remark

In this thesis, rational designs for triplet energy migration-based photon upconversion system by
introducing molecular self-assembly concept have been proposed. The issues that have been achieved for each

study are summarized below.

In chapter 2, the occurrence of TEM-UC in the self-assembled system in solution media was have been
proved for the first time. In this system, all the advantages of the TEM-UC proposed in Chapter 1, namely
diffusion of fast triplet excitons, low 7, value, and oxygen stability of UC luminescence, could be expressed.
Although more specific strategies are required in more condensed and molecular diffusion-suppressed media,

these high performances in solution succeeded in showing the high potential of TEM-UC strategy.

In chapter 3 and 4, guidelines to achieve homogeneous dispersion of donor molecules in the acceptor
crystals are shown, which has been one of the outstanding problems for the realization of TEM-UC in
condensed materials. In chapter 3, kinetically-controlled crystallization concept was the key to overcome this
issue. In chapter 4, more sophisticated strategy, to achieve the homogeneous dispersion of donor molecules in
acceptor crystals by keeping the highly-ordered crystal structure was developed. It takes advantage of the
electrostatic interactions in ionic networks, which accommodate donor molecules without phase sgregation.

The impact of the crystal defects to the Pyc’ was also firstly described in this chapter.

In chapter 5, a solution to overcome the issue of reabsorption or back energy transfer of the upconverted
energy to donor molecules has been developed. this approach introduced a singlet energy collector as the third
component. Efficient singlet energy harvesting of the upconverted singlet energy was realized thanks to the

long-range diffusion of delocalized singlet excitons in the assembled state.
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In this thesis, two types of approaches for efficient solid-state TEM-UC have been proposed; one is to
introduce the ionic interactions between donor and acceptor in order to form aggregation-free dispersion of
donor molecules in acceptor ionic crystals without losing the high crystal regularity, and another is the
upconverted singlet energy collection by the introduction of the third component, highly fluorescent singlet
energy collector, for improving the fluorescence quantum yield and avoiding the back energy transfer to the
donor. For further development of this topic, to combine these two strategies should be examined. Considering
the fact that a certain amount of back energy transfer and/or reabsorption have been observed in the current
ionic crystal system, the introduction of the third ionic component, which is act as an energy collector, to the

ordered ionic crystal will induce the further improvement of @y¢’ value.

In another point of view, our current systems have shown moderately low 7, value, but for the practical
applications, this value should be further improved. In order to achieve lower [, value, the key parameters are,
as we mentioned previously, the triplet lifetime and triplet diffusion constant. For the elongation of triplet
lifetime compared to our proposed system, we synthesized DPA dicarboxylic acid-based acceptor ionic crystals
(referred as to DPA ionic crystals, Fig. 6-1). In this system, introduced phenyl rings that have the twisted
configuration of the anthracene aromatic plane are considered to act effectively to elongate the triplet lifetime
because of the suppressed vibrational motion of. Actually, about two times longer triplet lifetime (7.6 ms)
compared to the current ionic crystal system ((DCA),ADC) has been observed for DPA ionic crystals. Thus, if
the triplet diffusion constant is sufficiently large, this system will work with better /,; value. However, judging
from the crystal structure of DPA ionic crystals, the small diffusion constant of triplet excitons would be
expected due to the quite limited overlap between chromophore orbitals. In order to improve this situation, we
propose to apply diphenyl amine as a counter cation for ionic composite. If the triplet energy can migrate by
utilizing the & orbitals of cations, larger triplet diffusion coefficient and subsequent low 7 value for TEM-UC

would be expected.

This proposed concept would be widely applicable to a variety of chromophore combinations, including

the recently-developed precious metal-free S-T absorption systems and NIR-to-visible UC systems.
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Figure 6-1. Crystal structure of synthesized DPA ionic crystals and proposed novel ionic crystal with utilizing

DPA dicarboxylic acid and diphenylamine. The crystal structure of the novel ionic crystals is anticipated from

the structural analysis of DPA ionic crystals.
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