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Chapter 1: General Introduction

1-1 Introduction

The study of organic photochemistry has brought us a lot of benefits for several decades.
Comparing with inorganic materials, there are a lot of advantages of organic materials
such as flexibility, low-cost and harmlessness. Therefore, the study and development of
organic photochemistry can lead discovery of novel phenomena and to creation of next-
generation devices. For example, organic light-emitting diodes (OLEDs) are one of the
results of the development of organic photochemistry, and OLEDs are being
commercialized as displays now. In order to develop such organic material devices, deep
photochemical and photophysical understanding is crucial. Generally, organic
photochemistry can be considered as the study of excited states in organic materials since
the interaction between photons and organic molecules results in generation of excited

state. In the following sections, the basis of organic photochemistry is explained.

1-1-1 Singlet excited state and triplet excited state

When photophysical or photochemical properties of organic molecular materials are
discussed, two kinds of excited states have to be considered.! Both singlet and triplet
excited state play important roles in the organic molecular materials and their function.

Before considering the excited states, the concept of spin which is important for
understanding the singlet or triplet excited states is explained as follows. Spin is an
intrinsic angular momentum of electrons (or protons and other nuclei) and is determined
by two kinds of spin quantum numbers, s and ms. In the case of electrons, the value of s

is 1/2 and its projection along a prescribed axis (z axis) ms is +1/2 or -1/2. This leads to



the value of momentum along the prescribed z axis of +#/2 or -h/2. However, the angular
momenta along the orthogonal directions (x axis or y axis) are no longer determined in
this situation. Therefore, a schematic illustration of an angular momentum vector of an
electron is sometimes expressed using a cone whose angle between z axis is 6, as shown
in Fig. 1-1a. Generally, the wavefunction of an electron with ms = +1/2 can be described
as o while the other one with ms = -1/2 is expressed as . When the interaction of two
electrons is considered, the total spin () can be 1 (the wavefunctions of the spins are both
a or both B), or 0 (each wavefunction is different, namely one is a and the other is ). In
the case of S = 0, the component of S along z axis (Ms) is also 0. On the other hand, if S
is 1, the component of S along z axis Ms can be -1, 0 or +1. In general, the electronic state
whose total spin § = 0 is called singlet state while the electronic state whose total spin S
=1 is called triplet state. Now, the vectorial representations of singlet state and triplet
state are described in Fig. 1-1a. The magnitudes of S and Ms can be visualized using the
two cones. As shown in Fig. 1-1a, two vectors are antiparallel in singlet state while they
are parallel in triplet state.

In the ground state of organic molecules, the two electrons are in the highest occupied
molecular orbital (HOMO) and their two spins are antiparallel due to Pauli exclusion
principle, which means that the ground state is singlet state. However, in the case of
excited state, the two electrons are in different molecular orbitals. Therefore, the two
electrons can be either antiparallel (singlet excited state), or parallel (triplet excited state).
When optical transition from HOMO to lowest unoccupied molecular orbital (LUMO) is
considered, the simplest schematic illustration of singlet or triplet excited states is used
as shown in Fig. 1-1b.

Singlet excited state is an optically allowed transition since the total spin number of the



ground state is also 0 (ground state is also singlet state). On the other hand, triplet excited
state is optically forbidden transition due to the difference in the spin multiplicity between
ground state (singlet state) and triplet excited state. Although direct optical transition to
triplet excited state is forbidden, mixing of the wavefunctions of the singlet excited state
and triplet excited state can lead to the population of triplet excited state after
photoexcitation into a singlet excited state. Such a nonradiative path from singlet excited
state to triplet excited state is called intersystem crossing (ISC). In order to obtain efficient
ISC, heavy-atom effect,>® EL-Sayed rule* and symmetry rules® are used. After population
of the triplet state, generally, triplet lifetime (z¢) is much longer than singlet lifetime due

to the forbidden nature of the transition.
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Figure 1-1. (a) Vectorial representation of electron spins. Reprinted from ref. [6]. (b) [llustration

of singlet excited state (left) and triplet excited state (right).

1-1-2 Energy transfer

Excited molecules can interact with other molecules during their lifetime by the process
of energy transfer. In organic photochemistry, two kinds of interactions, dipole-dipole
interaction and exchange coupling, are important as driving forces of energy transfer.5

In the case of energy transfer via dipole-dipole interaction, transition dipole of acceptor
molecules interacts with that of donor molecules resulting in excitation of acceptor

molecules and deactivation of a donor molecules (Fig. 1-2a).! On the other hand, energy



transfer via exchange coupling can be consider as double charge transfer (simultaneous

electron transfer and hole transfer) (Fig. 1-2b)."»1°
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Figure 1-2. (a) Schematic illustration of energy transfer based on (a) dipole-dipole interaction

and (b) exchange coupling.

For energy transfer based on dipole-dipole interaction, energy transfer rate (kfet) is

expressed as

K2 [®
biree = 5 | lal?6(0q = 0) 11?6y — w)do
0

_ K'Z(Dd
T6Td

J, €a(@)Fa(w) do (1-1)

where r is the distance between donor molecule and acceptor molecule, k is the



orientation factor, w is the frequency, wyq and w, are the transition frequencies of
donor molecules and acceptor molecules, respectively and g and p, are the transition
dipole moments of donor molecules and acceptor molecules, respectively, @4 is the
quantum efficiency of donor molecules, 74 is the lifetime of donor molecules, &,(w) is
the molar extinction coefficient of acceptor molecules and Fy(w) is the normalized
emission spectrum of donor molecules.” As shown in equation (1-1), kgt becomes large
when @4 and ¢&,(w) are very large values. This means singlet-singlet energy transfer is
likely to occur via dipole-dipole interaction because singlet excited state has potentially
large @4 and e,(w) (large pug and u,) due to the allowed nature of optical transition.
On the other hand, triplet-triplet energy transfer seldom occurs via this mechanism since
triplet excited state is optically forbidden transition resulting in very small ®4 and
&,(w) (very small uyq and p,). Energy transfer based on dipole-dipole interaction is
called Forster resonant energy transfer (Fret).

Another mechanism of energy transfer that should be consider is exchange coupling. In
the case of exchange coupling, energy transfer rate constant kdexter can be expressed as

Kaexter = = exp(=) [ &(w)Fq (0)dw (1-2)

where f is Planck's constant, R is the average Bohr radius for the excited state of donor
molecules and the ground state of acceptor molecules and &(w) is normalized
absorption spectrum of acceptor molecules.” As shown in equation (1-2), exchange
coupling is independent on transition dipole moment, which means triplet-triplet energy
transfer can occur via this mechanism. It is notable that triplet excited state of aromatic
molecules (acceptor molecules) that show insufficient ISC can be generated by using
triplet sensitizer (donor molecules).!! Since the transfer rate kdexter can be approximated

as exponential function of the distance between the two molecules as shown in equation



(1-2), the exchange coupling has much stronger dependence on the distance between
donor and acceptor molecules compared with dipole-dipole interaction. When the
distance between donor and acceptor molecules is longer than 1 nm, the value of Adexter 1S
generally very small and energy transfer based on exchange coupling hardly occurs.!
Therefore, compared with Fret, the contribution of exchange coupling to singlet-singlet
energy transfer is smaller due to its effectivity at short distances only, even though singlet-
singlet energy transfer can in principle occur via exchange coupling. Energy transfer

based on exchange coupling is called Dexter-type energy transfer.

1-2 Triplet exciton diffusion

Now considering energy transfer between donor and acceptor molecules in solution,
the molecules diffuse via Brownian motion and encounter each other. The encounter is
followed by the energy transfer interaction between the donor and acceptor molecules
(Fig. 1-3). Consequently, this process is considered diffusion limited.!? Hence, energy
transfer in solution is dependent on viscosity of the solution, concentration of donor and
acceptor molecules and concentration of oxygen that causes quenching of the excited

molecules.

. Excited state
. Ground state

Brownian motion Energy transfer Quenched
"“.// / /
‘*b \ A . .
Donor AaN . /
//. Excited
Acceptor

Figure 1-3. Energy transfer in solution. Excited energy of donor molecule is transferred after

diffusion via Brownian motion.



On the other hand, in solid state such as host-guest materials or crystalline materials, a
molecule itself no longer diffuses via Brownian motion due to the induced rigidity of solid
state. However, excited energy can be transported to a neighboring site via energy transfer
when energies of the acceptor and of the donor are close enough (Fig. 1-4).!"! Therefore,
excited energy can be diffusing in solid state although molecules itself cannot diffuse. In
addition, in solid state the excited energy can be delocalized over several molecules
leading to the generation of Frenkel excitons.” Hence, excited energy transport in solid
state is often called exciton diffusion. Singlet exciton diffusion and triplet exciton

diffusion play important roles in solid state organic materials.'?

Energy transfer

Figure 1-4. Energy transfer in solid-state materials. Excited energy is transferred via exciton

diffusion.

1-2-1 The role of triplet exciton diffusion in organic materials
Exciton diffusion length (L) is one of the important factors that determine the
characteristics of devices. L is can be expressed as follow
L=+/Dt (1-3)
where D is diffusion coefficient and 7 is lifetime.'?
In the case of singlet exciton, the exciton diffuses via energy transfer based on dipole-

dipole interaction (Fret), which means singlet exciton diffusion coefficient (and kfet) is



directly related to the transition dipole moment. On the other hand, singlet exciton lifetime
is inversely proportional to transition dipole moment, and large transition dipole moment
leads to large radiative rate (small singlet lifetime). Considering that the diffusion length
is a product of the singlet exciton diffusion coefficient and singlet lifetime as shown in
equation (1-3), the value of singlet exciton diffusion length is inherently limited. Yost et
al. reported theoretically a maximum value of singlet exciton diffusion length in tetracene
of about 100 nm.}* Hence, singlet exciton diffusion length exceeding hundreds of
nanometers is often considered difficult to achieve. 3>

On the other hand, in the case of triplet exciton, the exciton diffuses based on exchange
coupling (Dexter type energy transfer). This means triplet exciton diffusion coefficient
(Dx) 1s independent of transition dipole moment while z; still depends on the transition
dipole moment. In general, transition dipole moment related to a transition from triplet
excited state to ground state is very small due to the forbidden nature of the transition,
leading to longer 7 compared with singlet exciton. Therefore, unlike singlet exciton
diffusion, triplet exciton diffusion length (L) is not limited by the opposing trends of
diffusion coefficient and lifetime, which means both long or short L; can be tuned by
optimizing design parameters in organic materials.

Controlling triplet exciton diffusion is often necessary to extract the maximum

performance in organic materials. For example, long L: is preferred for organic solar

15,17,18 12,19

cells or triplet-triplet annihilation (TTA) based up-conversion (UC) materials
while short L: is preferred for the appearance of ultralong-lived (persistent) room

temperature phosphorescence (RTP) in aromatic crystals or thermally activated delayed

fluorescence (TADF)-based electroluminescence materials.



1-2-2 Methods for measuring triplet exciton diffusion length
There is abundance of literature reporting triplet diffusion length L. in various organic
molecular materials.'®3? These works were summarized in a review by Mikhnenko et al.

In Table 1-1 (taken from the review), the values of L are presented.'?

Material® 1D Lp (nm) D (em®s 1)
(C1,0CHg)sPeZn 23 9 x 10°®
(C150CH,)PcH, 64 1.6 x 107>
1,4-Dibromonaphtalane 8400 3.5 x 107"
AP-NPD 11-54

Alg3 14-140 (0.8-7.2) x 107
Anthracene 610 and 7000-20000 (0.5-2) x 10~*
Ceo 28-35

CBP 8.3-300 (1.4-770) x 10~ ®
F8-F6 50 7.9 x 10°°
F8-PDA 11 4.7 x 10°°
Ir(ppy)s-cored dendrimers 2-10 (8-400) x 10 °
mCP 16

Naphthalene 35000 3.3 x10°°
NPD 6-87

P(CM-Ru,) 36 (1-200) x 107
PCBM 21 4.2 x10°°
PATPPC 30 8 x 1077
Pentacene 40-800 (1-4) x 107
PF 3x 107t
PhosBTDs 22 4.7 x 10°°
PhLPPP 1700-3900 (0.5-14) x 10" °
Pt acetylide oligomers 1.8 x 10°*
PtOEP 13-30

Pyrene 1200 1.3 x 10°*
Rubrene 1000-4000

Stilbene 11000 9x10°°

Super Yellow PPV 10

Tetracene 100-400 (0.1-1.6) x 10°*

Table 1-1. List of triplet exciton diffusion lengths reported in ref. [13] (reprinted from ref. [13]
with permission). Lp is the triplet exciton diffusion length and D is diffusion coefficient of triplet

excitons.

As seen from the table, there is a wide range of L from a few nanometers to a few tens
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of micrometers for various organic solids, such as host-gust materials or crystalline
materials (Table 1-1).

In order to measure L, a several methods have been developed over the years. Each
method has advantages and disadvantages, and we need to choose a method that is
suitable for each specific organic molecular material. Some representative methods to

measure L are explained below.

1. Measuring the dependence of phosphorescence quenching efficiency on the
thickness of layer

In this method, bilayer film is fabricated for the measurement. Organic molecular layer
(layer A) is prepared on a triplet quencher layer (layer B). Generated triplet excitons in
layer A diffuse into layer B (Fig. 1-5). When the thickness of layer A is comparable with
L in the organic molecular material, triplet excitons can reach the interface of the two
layers, leading to quenching of triplet excitons (Fig. 1-5). The dependence of
phosphorescence intensity on the thickness is analyzed resulting in estimation of the L;
as a fitting parameter™. The organic molecular materials used in this method should be

efficient phosphorescence molecules for measuring phosphorescence intensity.

itati Triplet exciton : ;
Excitation piel Triplet exciton
\ __.diffusion
®

Phosphorescence & A | Ly
B

Triplet quench

Figure 1-5. Schematic illustration of method 1.
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2. Measuring the phosphorescence (triplet) characteristics of a dopant

In contrast to method 1 that requires triplet quencher for measuring L, this method uses
a phosphorescent dopant for estimation of L. For the measurement, a bilayer structure is
fabricated. Thin layer of organic molecular material (layer a) is prepared on another layer
composed of phosphorescent dopant (layer b) (Fig. 1-6). Triplet excitons generated in the
layer a by photoexcitation diffuse into the layer b and transfer its energy to
phosphorescent dopant. This is followed by emission from the phosphorescent dopant in
layer b (Fig. 1-6). Organic molecular materials which do not show phosphorescence can
be used in this method since the objective is emission from phosphorescent molecules in
layer b (not emission from layer a). The phosphorescence characteristics such as triplet

decay of the dopant are measured and analyzed for estimating L; which can be obtained

as a fitting parameter.>

Triplet exciton

Excitation . . in layer a
Triplet exciton Phosphorescence
" diffusion ;7 from layer b Energy transfer
. ,"/ /’ /'

‘ Ve Al Al

P

Triplet exciton in layer b

Figure 1-6. Schematic illustration of method 2.

3. Tracking triplet dynamics via transient absorption
In this method, transient absorption of triplet excitons is measured instead of
phosphorescence. Therefore, the strong advantage in this method is that it can be applied

to materials that rarely show phosphorescence. After photoexcitation, the generated triplet

12



exciton diffuses in the organic molecular materials (Fig. 1-7). When two triplet excitons
encounter and interact with each other, triplet-triplet annihilation (TTA) can occur (Fig.
1-7). After TTA, one triplet exciton is excited into singlet excited state or upper triplet
excited state while the other one is deactivated into ground state. Therefore, time-
evolution of transient absorption profile is affected by TTA process since the population
of triplet excitons is largely dependent on TTA process. As TTA is caused after triplet
exciton diffusion, the time-evolution of transient absorption via TTA includes the
information of triplet exciton diffusion. The measurement of time-evolution of transient

absorption leads to estimation of L, as a fitting parameter.?

Probe
(4]
Pump &\& .
Triplet exciton /Q\é\
@

Triplet exciton .
diffusion |

TTA

Figure 1-7. Schematic illustration of method 3.

4. Measurement of photocurrent in devices

In this method, a device, such as organic solar cell, is prepared and photocurrent is
measured for the evaluation of L..'® Triplet excitons generated in heterojunction-type
organic solar cells diffuse into the interface between a donor and acceptor layer, and then
the charges are separated (Fig. 1-8). Therefore, the measured external quantum efficiency

of photocurrent is dependent on triplet exciton diffusion. Triplet sensitizer is sometimes

13



used for generating triplet excitons in metal-free conjugated molecules with inefficient
ISC rate. L; can be extracted from the fitting to measured external quantum efficiency

of photocurrent.

Excitation Triplet exciton

-
e
-
-
-

Charge separation

Triple:i exciton
Acceptor diffusion Acceptor

Figure 1-8. Schematic illustration of method 4.

5. Measurement of delayed electroluminescence

In this method, the configuration of an OLED is used to measure L, as shown in Fig.
1-9.% Very thin layer of an emissive dopant is fabricated in the hole transfer or electron
transfer layer at a distance d from the exciton generation region (interface between the
two charge transfer layers). Consequently, the generated triplet excitons diffuse into the
dopant layer and transfer their energy to the dopant molecules, followed by delayed
electroluminescence. The intensity of the delayed electroluminescence from the dopant

is dependent on triplet exciton diffusion in the hole or electron transfer layers.

14
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Figure 1-9. Configuration of OLED for the measurement of L. Reprinted from ref. [29] with

permission.

6. Measurement of time-evolution of delayed fluorescence using a ruling

This is one of the oldest methods to measure L;. Triplet excitons are often able to
diffuse microscale distance in organic molecular materials such as aromatic crystals. In
such materials, time evolution of delayed fluorescence is easily modulated by excitation
geometries. In this method, this time evolution is measured and analyzed with a ruling
for forming excitation patterns.?® The rate equation of triplet excitons is used for fitting
to profile of time-evolution of delayed fluorescence. Thus, the L; is obtained as a fitting

parameter.

7. Direct visualization of triplet exciton diffusion

Recently, an outstanding method that estimates L, is attracting attention. In this method,
triplet exciton diffusion in organic molecular materials such as aromatic crystals is
visualized in an optical microscopic image.?%*? The concept of this method is shown in
Fig. 1-10a. Excitation light is irradiated on the crystalline surface with focused

diffraction-limited size spot, leading to generation triplet excitons at the irradiation spot.

15



These triplet excitons diffuse in the crystal and then emit photons in the vicinity of
excitation spot. The size of the microscopic image of emission that originates from
triplet excitons, such as phosphorescence or TTA-based delayed fluorescence, should
be enlarged compared with that of excitation (Fig. 1-10b). By analyzing these two
images, L; can be extracted. This method does not require any assumed parameters
since triplet exciton diffusion can be visualized in the images directly. Therefore, this
method is considered as most reliable method. Very recently, still more sophisticated
measurements were reported. Akselrod et al. measured and visualized time-evolution of
triplet exciton diffusion via TTA-based delayed fluorescence using pump-probe
spectroscopy (Fig. 1-10c).?! Wan et al. measured time-evolution of transient absorption

using optical microscope (Fig. 1-10d).%?
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Figure 1-10. (a) Schematic illustration of method 7. (b) Top: The image of excitation focused on
rubrene single crystal. Bottom: The image of delayed fluorescence from rubrene single crystal.
The image of delayed fluorescence is larger than that of excitation due to triplet exciton diffusion.
Reprinted from ref. [20] with permission. (c) Visualized time-evolution of triplet exciton diffusion
via delayed fluorescence from tetracene single crystal. The emission profile broadens with time
due to triplet exciton diffusion. Reprinted from ref. [21] with permission. (d) The image of
transient absorption with focused laser beam excitation on tetracene single crystal. The image of
transient absorption broadens with time due to triplet exciton diffusion. Reprinted from ref. [22]

with permission.

Transient absorption of singlet excitons and triplet excitons can be distinguished by
selecting detection wavelength, which means time-evolution of not only triplet excitons

but also singlet excitons can be visualized in this method. Using these sophisticated

17



methods, triplet exciton diffusion is traced in real time, leading to deeper understanding

of triplet exciton diffusion.

8. Measurement of the dependence of UC emission intensity on excitation intensity

In the case of solid-state TTA-based UC materials composed of donor molecules and
acceptor molecules, UC emission occurs via triplet exciton diffusion (described later in
Chapter 2). In this method, L; can be calculated using the measured emission decay,
the dependence of UC emission on excitation intensity and other parameters.'” The
theory of this method is based on samples in which donor molecules are dispersed
homogeneously in the acceptor molecule matric. In such homogeneous UC materials,
the value of L, can be estimated reliably using this method. The details are explained

in Chapter 2.

1-3 Aim and outline

As mentioned in the previous section, many kinds of methods for measuring L; have
been developed in order to understand basic characteristics of organic molecular solids or
to improve device characteristics. Consequently, triplet exciton diffusion in various
materials has been measured, leading to deeper understanding of the characteristics of
organic molecules or device, such as organic solar cells or OLEDs. On the other hand,
with the recent rapid development of new organic molecular materials, the information
of triplet exciton diffusion in these materials is lacking. Thus, there is plenty of room for
improvement of methods and characterization of triplet exciton diffusion in these new

organic molecular materials is crucial for deeper understanding and further development

of this field.
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In this thesis, triplet exciton diffusion in next-generation organic molecular materials
such as TTA-based UC materials, conjugated polymer nanofibers and metal-free aromatic
crystals with ultralong triplet lifetime was studied. In these materials, triplet exciton
diffusion has not been measured yet although it plays considerably important roles in the
potential device function.

In chapter 2, triplet exciton diffusion in TTA-based binary UC crystals is reported.
Triplet exciton diffusion in UC materials is related to UC intensity threshold and to the
quantum efficiency of UC emission. However, use of conventional methods to measure
L. is considered difficult in the case of binary UC crystals. Here, we developed a method
to measure L. in binary UC crystals and showed that the method is more accurate and
reliable compared with existing conventional methods.

In chapter 3, triplet exciton diffusion in conjugated polymer nanofibers is reported.
Conjugated polymers have strong potential for applications in opto-electronic devices
such as organic solar cells or OLEDs. In order to improve the efficiency of the
photovoltaic devices, long L; is required. Conjugated polymer nanofibers are expected
to be one of the solutions to obtain long L; in conjugated polymers. Triplet exciton
diffusion in nanofibers has been measured and it is shown that L; in the nanofibers is
longer than that in films of the same conjugated polymers, due to good orientation of the
polymer chains in the nanofibers. This result shows the potential of nanofiber structures
for use in opto-electronic devices.

In chapter 4, triplet exciton diffusion in heavy atom-free aromatic crystals with
persistent RTP was measured. In these crystals, triplet exciton diffusion is potentially
related to the appearance of persistent RTP. Estimated L; in such crystal was very short

in spite of ultralong-lived triplet excitons. We revealed that short L, is responsible for
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the appearance of persistent RTP since short L, prevents triplet excitons from reaching
quenching sites. Quantum calculations revealed that small molecular orbital overlaps
between HOMOs lead to small D, (because of short L;). Therefore, small molecular
orbital overlaps are one of the crucial factors for obtaining persistent RTP from aromatic

crystals.
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Chapter 2: Triplet Exciton Diffusion in
Up-conversion Materials

2-1 Introduction

2-1-1 Up-conversion materials

UC materials can convert lower energy photons into higher energy ones (Fig. 2-1).!"1°
Recently, UC materials have been attracting attention due to a strong potential for
applications in solar cells'! and photocatalysis.!? For instance, in general, solar cell
materials do not absorb infrared light beyond 1150 nm (Fig. 2-2). However, UC materials
can potentially convert low-energy infrared light into visible light that can be absorbed
by solar cells, leading to improved utilization of the solar spectrum and to an increase of
the efficiency of solar cells (Fig. 2-2).

Two kinds of UC materials have been widely studied so far, based on inorganic
molecules such as rare earth complexes (inorganic UC materials)* or based on organic
molecules (organic molecular UC materials).! Inorganic UC materials have already found
practical application in bio imaging.'* However, molar extinction coefficient of rare earth
complexes is generally very low to enable absorption of weak incoherent light such as
sunlight. Thus, it is difficult to use inorganic UC materials for applications in solar cells.
On the other hand, molar extinction coefficient of organic molecules can be very large.
Thus, organic molecular UC materials have been studied intensively recently because
they show promise for sufficient efficiency of UC emission even under sunlight, making

them strong candidate materials for solar cell applications.
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Figure 2-1. TTA-based UC emission excited at 532 nm.
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Figure 2-2. Schematic illustration of solar cells with or without UC materials. UC materials can
convert near-infrared light into visible light leading to the absorption by solar cells and increase

of the efficiency.

2-1-2 Principle of triplet-triplet annihilation based UC materials
In this section, the mechanism of solution-based organic molecular UC materials is
explained, as shown schematically in Fig. 2-3. In general, organic molecular UC
materials are composed of donor molecules and acceptor molecules. Donor molecules
are triplet sensitizers such as heavy-metal complexes. After photoexcitation, singlet
excited state of a donor molecule is generated (Fig. 2-3 (D). The generated singlet

excited state is converted into triplet excited state via efficient ISC (Fig. 2-3 ©). The
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donor triplet energy is transferred to an acceptor molecule resulting in generation of
triplet excited state of an acceptor molecule (Fig. 2-3 ). Such triplet-excited acceptor
molecules diffuse in the material. When two such triplet-excited acceptor molecules
interact with one another, a possible outcome is that one molecule relaxes to the ground
state and the other molecule is excited into a singlet excited state (Fig. 2-3 @), followed
by delayed fluorescence from such singlet. This photophysical process is called triplet-
triplet annihilation (TTA). The energy of the singlet excited state of the acceptor
molecules is higher than that of the donor, thus energy up-converted photons are emitted

from the acceptor molecules (Fig. 2-3 ®).

S1 S1
S1 4= T S1
Excitation ®_'_.® @ ______ —+«<’| Excitation
- ® T1 Tl Tl_‘ T1 ® -
So Sg So So

Donor Acceptor  Acceptor  Donor

Diffusion and collision
Sy of two triplet excitons

Acceptor  Acceptor

Figure 2-3. Mechanism of TTA-based UC materials.
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2-1-2 Solid-state UC materials

One of the obstacles to apply UC materials to solar cells is a large excitation intensity
threshold Iy for generation of the UC emission. Under the present circumstances,
sufficient UC emission is not generated under weak continuous irradiation such as
sunlight. Therefore, the greatest interest in the field of UC materials is in decreasing the
value of . Under weak irradiation intensity, the number of triplet-excited molecules is
small, thus triplet-excited molecules have to diffuse long distances for encountering
another triplet-excited molecule. In the presence of quenchers which shorten the diffusion
length, the triplet-excited molecules can be quenched without encountering other
molecules, preventing the subsequent TTA. In order to obtain UC emission from
molecules with short diffusion lengths, strong irradiation intensity is required to decrease
the distance between two triplet-excited molecules (to increase the density of triplet-
excited molecules), resulting in the large value of . On the other hand, in the case of
long diffusion length, the probability of a triplet-excited molecule to encounter another
molecule is higher, resulting in lower Ig.

In liquid-state UC materials, both the triplet energy transfer from donor to acceptor as
well as the TTA process occur via physical diffusion of the molecules. The diffusion is
limited by Brownian motion, which places severe restrictions on the achievable values of
diffusion length.!* In solid-state UC materials, on the other hand, the molecules
themselves are immobile but the triplet energy is efficiently transported by Dexter-type
energy transfer mechanism between different molecular sites within the solid-state
material.!> Such process is called triplet exciton diffusion, and its diffusion coefficient
can be potentially much larger than that based on Brownian motion. Solid-state UC

materials have been studied widely in various systems such as host-guest materials,*’
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ionic gels® or molecular crystalline materials.!® Considering molecular ordering, triplet
exciton diffusion in crystalline UC materials is generally considered larger. Therefore,
crystalline UC materials are considered as having strong potential for obtaining longer

diffusion lengths L., which ultimately lead to lower values of the threshold I.

2-1-3 Current issues in organic solid-state UC materials and purpose of
this study

As mentioned in section 1, in homogeneous soft samples such as liquid-state UC
materials and UC gels, triplet exciton diffusion length L is extracted from the
dependence of UC emission intensity on excitation intensity using parameters such as
absorption coefficient of donor molecules a and the efficiency of triplet-triplet energy
transfer from the donor molecules to acceptor molecules @q..'*!*!” However, accurate
measurements of these parameters are sometimes considered difficult in solid-state UC
materials due to possible inhomogeneous dispersion of donor molecules. Thus, new
methods are required for accurate and reliable estimation of L; in crystalline UC
materials. A powerful method for estimating L in crystalline materials is visualizing
triplet exciton diffusion by optical microscope because this method does not require any
assumed parameters.'32 However, although conventional visualization of triplet exciton
diffusion using confocal excitation is effective for large single crystals, polycrystalline
binary materials such as crystalline UC materials composed of donor molecules and
acceptor molecules are strongly affected by scattering of the confocal excitation, leading
to difficulty in estimating L. Therefore, alternative and more sophisticated methods are
required for measurement of L; in binary UC crystals. In this chapter, an improved

microscopic method for detection of triplet exciton L; in binary UC crystals is proposed
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and demonstrated.

2-2 Experimental

2-2-1 Concept of the method for estimating L, using an optical
microscope

Schematic illustration of the proposed method to measure L, in binary UC crystals is
shown in Fig. 2-4. In this method, a key feature is the use of functionalized inorganic
nanoparticles and fluorescence dyes in addition to the UC materials. Hybrid donor
nanoparticles (HDPs) are prepared by chemically attaching donor molecules as well as
fluorescence dyes to inorganic nanoparticles. The HDPs are dispersed into an UC material
composed of polycrystalline acceptor film. By limiting the optical excitation to the HDPs,
the generated triplet excited states of the donor molecules can be confined in a nanoscale
space around the nanoparticle. Consequently, after triplet energy transfer to acceptor
molecules, the population of triplet excitons of acceptor molecules is also confined on the
order of the size of an HDP. Thus, excitation scattering that is the inevitable problem in
conventional direct methods can be efficiently suppressed in this method.

After photoexcitation of an HDP (Fig. 2-4 (i)), singlet excited states of donor molecules
adsorbed on an HDP transform to triplet states via ISC. Further, their triplet energy is
transferred to acceptor molecules by Dexter-type energy transfer resulting in generation
of triplet excitons of acceptor molecules (Fig. 2-4 (ii)). Triplet excitons of acceptor
molecules can diffuse in the polycrystalline acceptor film by the Dexter type energy
transfer (Fig. 2-4 (iii)). When two triplet excitons encounter and interact with each other,
TTA occurs resulting in generation of a singlet exciton of an acceptor molecule.

Fluorescence from the singlet state causes emission of an upconverted photon in the
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vicinity of the HDP. On the other hand, fluorescence dyes adsorbed on an HDP emit
fluorescence photons at the position of an HDP because these dyes do not transfer their
energy to the acceptors. Therefore, the microscopic image size of fluorescence from the
fluorescence dyes attached to an HDP is determined only by the diffraction limit of light
(point spread function, PSF). The microscopic image size of UC emission from acceptor
molecules attached to an HDP, on the other hand, can be larger than the diffraction limited
size (or the fluorescence image from the fluorescence dyes) due to the triplet exciton
diffusion, enabling determination of the diffusion length L, from these two images (see
the appendix for the details).

It should be further noted that one of the advantages of this method is the large number
(high local density) of populated triplet excitons. In UC systems composed of molecularly
dispersed donors, in general, delayed fluorescence such as UC emission is a slow process
because it involves the long-lived triplet excited states. In such photophysical process, the
number of upconverted photons emitted per unit time is much smaller compared with
prompt fluorescence, which means that upconverted emission generated in the vicinity of
a single donor molecule cannot be directly visualized because it is too weak. However,
the method proposed here enables emission of sufficient number of upconverted photons
in the vicinity of the HDP to detect with a microscope. As such, the method is expected
to be suitable for direct measurements of triplet exciton diffusion length in binary UC

crystals.
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Figure 2-4. Schematic illustration of proposed method for visualizing triplet exciton diffusion.
Reprinted from ref. [28].

2-2-2 Experimental method
Pt(ll) mesoporphyrin X (D1, Frontier Scientific) and mesoporphyrin IX-

dihydrochloride (FD1, Frontier Scientific) were used as the donor molecules and the
fluorescence dyes, respectively. Anthracene (AC, Tokyo Chemical Industry) or 9,10
diphenylanthracene (DPA, Tokyo Chemical Industry) were used as the acceptors. The

chemical structures are shown in Fig. 2-5.

HO

HO

D1 FD1 AC DPA

Figure 2-5. Chemical structures of D1, FD1, AC and DPA.
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The D1 and FD1 contain carbonyl groups for chemical attachment to the hydroxyl-
functionalized alumina nanoparticles to form the HDP.

The HDPs were prepared as follows. D1 and FD1 were dissolved in THF and ethanol,
respectively at the concentration of 10 M. The THF solution of D1, ethanol solution of
FD1 and ethanol solution of alumina nanoparticles (30 nm, C.l. KASEI) were mixed in
3:1:1 volume ratio and stirred for 12 hours. The mixed solution was centrifuged (1 mi,
120 rpm, 10 minutes) for separation of HDPs from the solution. After that, the HDPs were
re-dispersed with 1 ml of THF. To prepare the binary UC films, the solution containing
completely re-dispersed HDPs was diluted 1000 times with a 10 M THF solution of the
acceptor molecules. This solution was spin-coated on the clean glass substrate (3000 rpm,
3059).

In this experiment, L. measured by the direct microscopic method was compared with
a reference value measured by a conventional indirect method. The reference samples for
the indirect method were binary UC crystalline films consisting of D1 and acceptor
molecules. They were fabricated by dispersing D1 and acceptor molecules in THF
solution at 1:1000 molar concentration ratio and drop-casting the solution on a glass
substrate.

Bulk absorption spectra and emission spectra in THF solution were measured using a
standard UV-visible/NIR spectrophotometer (V-760, Jasco) and a real-time multichannel
spectrometer (PMA-12 C10027-01, Hamamatsu Photonics), respectively. UC emission
decays were measured by a fluorescence lifetime analysis system (Quantaurus-Tau
C11367-24, Hamamatsu Photonics), using a flash lamp as the excitation light (C11567-
02, Hamamatsu Photonics) with a bandwidth of about 30 nm. The detection bandwidth

was 5 nm.

32



Optical setup for visualization of triplet exciton diffusion is shown in Fig. 2-6. In this
experiment, two kinds of emission from the binary UC crystals were detected
simultaneously, namely, UC emission from the acceptor molecules and standard
fluorescence (‘down-converted’ emission) from the FD1 chemically attached to HDPs.
For that purpose, the emission from the sample was divided spectrally by using an image
splitter. Microscopic measurements were carried out with an inverted fluorescence
microscope (IX 71, Olympus). The excitation light was a continuous wave laser
(TDG532-500, Changchun New Industries Optoelectronics Tech.) at 532 nm that can be
absorbed by both D1 and FD1. The emission from the sample was collected by an oil
immersion objective lens (x100 UPLSAPO, N.A. 1.3, Olympus) using a dichroic mirror
(FF552-Di01-25-25%36, Semrock) and a Notch filter (NFO1-532U-25, Semrock). The
emission was divided spectrally into a short wavelength part (UC emission) and a long
wavelength part (down-conversion emission) by using image splitter (Optosplit 11, Cairn)
equipped with a dichroic mirror (FF532-Di02-25x36, Semrock). The UC emission passed
a short-pass filter (FF01-492/SP-25, Semrock) while the down-conversion emission
passed a long-pass filter (LP590 nm, Nikon). The UC emission and down conversion
emission were detected and imaged side-by-side on an electron-multiplying (EM) CCD

camera (iXon, Andor Technology).
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Figure 2-6. Optical setup for visualization of triplet exciton diffusion. Reprinted from ref. [28].

2-3 Result and discussion

2-3-1 Photophysical characterization of the prepared samples

Fig. 2-7a and b shows absorption and emission spectra of the compounds used in this
experiment in tetrahydrofuran (THF) solution. As shown in Fig. 2-7a, the D1 and FD1
can absorb photons at 532 nm, enabling simultaneous excitation of both D1 and FD1
chemically attached to an HDP with the 532 nm laser. After photoexcitation, the excited
D1 converts to triplet state via efficient ISC due to a heavy-atom effect of the Pt central
atom.?! Triplet energy of DPA and AC is lower than that of D1. Thus, efficient triplet
energy transfer from the D1 (attached to the HDP) to DPA or AC occurs, leading to
generation of triplet excitons of acceptor molecules (Fig. 2-7c¢). Diffusion of these triplet
excitons and the consequent TTA leads to the generation of singlet excitons of acceptor
molecules and UC emission, characterized by the spectra in Fig. 2-7b. On the other hand,
the FD1 does not contain heavy-atoms (Fig. 2-5). This means that ISC of FD1 is

inefficient?? and its excited energy is not transferred to the acceptor molecules (Fig. 2-7c)

34



but emitted as fluorescence, characterized by the spectra in Fig. 2-7a. This fluorescence

from FD1 is used to localize the HDPs in the microscopic images and to measure the

reference size of the emission spot in the absence of triplet exciton diffusion.
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Figure 2-7. (a) Absorption and emission spectra of D1 and FD1 in THF. (b) Absorption and
emission spectra of AC and DPA in THF. (c) Energetic diagram in the UC materials composed of
HDPs and acceptor molecules. Reprinted from ref. [28].

Microscopic images of the UC films are shown in Fig. 2-8. The light spots shown in Fig.
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2-8a represent images of UC emission in the vicinity of HDPs in a polycrystalline DPA
film while the light spots shown in Fig. 2-8b are the corresponding fluorescence (‘down-
conversion’) images from the FD1 chemically attached to the HDPs. Both light spots can
be observed with sufficient signal-to-noise ratio, thus confirming the practical

applicability of the method for measuring triplet exciton diffusion in polycrystalline films.

Down-conversion (b)
emission

UC emission )

Figure 2-8. (a) Short wavelength part (UC emission) of a spectrally divided CCD microscopic
image. Each spot (surrounded by blue circle) represents UC emission from DPA in the vicinity of
an HDP. (b) Long wavelength part (fluorescence or ‘down-conversion emission’) of the spectrally
divided CCD image. Each spot (surrounded by red circle) represents corresponding down-

conversion emission from FD1 at the position of HDP.

2-3-2 Triplet exciton diffusion in polycrystalline AC film

Fig. 2-9a and b show detailed microscopic images of fluorescence (down-conversion
emission) from FD1 chemically attached to an HDP and of UC emission from AC in the
vicinity of the HDP, respectively. Fig. 2-9c shows one-dimensional intensity cross-
sections of the image spots of the UC emission from AC and of the fluorescence (down-
conversion emission) from FD1. The image of UC emission is obviously larger than that

of fluorescence (Fig. 2-9a and b). This means that the process of triplet exciton diffusion
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in the polycrystalline binary UC materials was visualized directly. It should be noted that
both images shown in Fig. 2-9a and b were affected by a substantial contribution of PSF

which itself is larger for longer wavelength (down-conversion emission).

1.0 -

=®= UC emission

== Down conversion
emission

o
s
I

o
o
I

o
~
I

o
[N
I

Normalized Emission Intensity

0 Mt ! | | | |
0 200 400 600 800 1000 1200 1400
Position (nm)
8 - —
) 6 [ “.__ d
o
E) _u
S r -
L .
@] q
2 [ " |—
o . | H‘I M.
0 200 400 600 800 1000

Exciton Diffusion Length (nm)

Figure 2-9. (a) CCD image of a spot of the down-conversion emission from a single HDP. (b)
CCD image of a spot of the UC emission from AC at the vicinity of a single HDP. (c¢) One-
dimensional intensity cross-sections of the spots of UC emission and down-conversion emission.
Black line is fits of the UC emission cross-section to equation (2-3). (d) Histogram of L; for AC.
The red dotted line is Gaussian fits to the distribution. Reprinted from ref. [28].
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Therefore, in Fig. 2-9c and in subsequent analysis, the PSF in the region of fluorescence
(down-conversion emission) at 625 nm was corrected to the corresponding region of UC
emission (see the appendix for the details).

In the following, we consider a theoretical background to interpret the above
experimental observations. Density of triplet excitons n(x) along the direction x in the

sample can be expressed as

n(x) = Toexp(=*/p) 1)

where T, is a constant.?’

Since the density of singlet excitons ng(x) is quadratically
proportional to n.(x), due to the two-photon nature of the TTA process, ns(x) can be

approximated using the equation (2-1) as
ns(x)~n¢ () ~Soexp(= 2%/} ) (2-2)

where S, is a constant. The image of fluorescence from FDI1 is determined by the
resolution of the microscope (diffraction limited size) that can be approximated by a PSF
because the size of an HDP is so small that its contribution to the image can be neglected.
The size of the PSF is determined from the image of fluorescence from FD1. The image
size of UC emission is given by a convolution of ng(x) and PSF. Therefore, the UC
emission intensity /uc along the direction x can be expressed as
Iyc(x) = ng(x) X fpsp(x) (2-3)

where fpsp(x) is the profile of PSF along the direction x. In the subsequent analysis, the
two-dimensional convolution function of UC emission Iyc(x,y) was used for the fitting
to the CCD images (such as Fig. 2-9b) in order to estimate L, as a fitting parameter (see

the appendix for the details). The UC emission spots were slightly asymmetrical due to
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the anisotropic molecular packing in the acceptor crystal leading to different values of L
along two orthogonal directions. In the analysis, an average of L; in the two orthogonal
directions was used for the comparison with conventional measurements (described later).
Fig. 2-9d shows a histogram of L, values estimated as described above from the
measurement of UC emission in the vicinity of 46 individual HDPs. For reference,
histograms of L. values along the two orthogonal directions are shown in appendix.
From the histogram shown in Fig. 2-9d, the mean value of L; is estimated as 491 nm.
Triplet exciton diffusion in AC single crystal has been measured before and the value of
L, was on the order of 10 pm.?*** However, in order to obtain such an ultralong L,
highly purified and mm-sized single crystals are required to prevent the triplet excitons
from quenching at defects or surfaces of the crystal. Fig. 2-10 shows an image of the UC
material film used here by scanning electron microscopy (SEM). The image shows
polycrystalline AC film composed of micrometer-size flakes of AC and of the HDPs. In
this context, the estimated value of L; of 491 nm, which is on the order of the AC grain

size, can be considered reasonable.
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Figure 2-10. SEM image of AC crystalline film. Reprinted from ref. [28].

2-3-3 Triplet exciton diffusion in polycrystalline DPA film

DPA is the standard acceptor molecule for obtaining efficient UC emission.">"1625 Thus,
the measurement and understanding of triplet exciton diffusion in DPA is important to
improve the characteristics of UC materials. Fig. 2-11a and b show images of
fluorescence (down-conversion emission) from FD1 chemically attached to an HDP and
of UC emission from DPA in the vicinity of the HDPs, respectively. Fig. 2-11c shows
one-dimensional intensity cross-sections of the spots of UC emission from DPA and of
the fluorescence (down-conversion emission). Compared with the result of
polycrystalline AC film, the image of UC emission from polycrystalline DPA film is only
slightly enlarged (Fig. 2-11¢). This means that the triplet exciton diffusion in DPA is not
as efficient compared with AC. The histogram of L; in polycrystalline DPA film was
constructed by analyzing data from 37 individual HDP spots (Fig. 2-11d). From Fig. 2-

11d, the mean value of L; was 172 nm.
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Figure 2-11. (a) CCD image of a spot of the down-conversion emission from a single HDP. (b)
CCD image of a spot of the UC emission from DPA at the vicinity of a single HDP. (c) One-
dimensional intensity cross-sections of the spots of UC emission and down-conversion emission.
Black line is fits of the UC emission cross-section to equation (2-3). (d) Histogram of L. for
DPA. The red dotted line is Gaussian fits to the distribution. The red solid lines represent a
histogram of crystal grain sizes of DPA as analyzed SEM image of the films. Reprinted from ref.
[28].
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The mean L; in DPA is shorter than that in AC. The difference of L; between DPA and
AC can be attributed to the differences of their microscopic structures. The difference in
the crystal structure of DPA and AC causes a difference in the molecular orbital overlap
in triplet excited state. Since triplet exciton diffusion occurs via Dexter-type energy
transfer, molecular orbital overlap related to So-T1 transition is required for efficient triplet

exciton diffusion. Fig. 2-12 shows the molecular orbital in T1 of DPA and AC, respectively.
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Figure 2-12. (a, ¢) LUMO of (a) AC and (c¢) DPA. (b, d) HOMO of (b) AC and (d) DPA.
Calculation were performed using density functional theory (Gaussian 09, B3LYP functional, 6-

31G(d,p) basis set) using conformation optimized at T;. Reprinted from ref. [28].

The molecular orbitals of both AC and DPA are localized on the anthracene part (Fig. 2-
12). However, the twisted structure of phenyl group in DPA prevents DPA molecules from
optimal crystalline packing. Thus, compared to the AC, the molecular orbital overlap in

DPA crystals is considered inefficient due to the presence of twisted phenyl group. This
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microscopic structural difference is one of the origins of the different values of L.
Macroscopically, the crystal size can be also the origin of the different value of L. The
value of L: is never larger than the crystal grain size since triplet excitons would be
quenched (likely by oxygen) at the surface of the crystal. As seen in the SEM image of
the polycrystalline AC film (Fig. 2-10), the crystal flakes size in AC films is on the order
of a few micrometers, and the estimated L in AC film is on the order or smaller than this
crystal size. On the other hand, in the case of polycrystalline DPA film, the crystal grain
size of DPA is on the other of a few hundreds of nanometers as shown in the corresponding
SEM image (Fig. 2-13). The crystal size of DPA is analyzed and shown as an overlaid
size histogram in Fig. 2-11d. The mean crystal size of DPA estimated from the peak of
the histogram is 213 nm. This value is well comparable with the mean value of L of 172
nm in the DPA film, which means that the triplet exciton diffusion is limited by the crystal
grain size of DPA. We would like to note that the observed L in polycrystalline DPA film
1s smaller than the diffraction limited size of a confocal excitation. This situation points
to the advantage of our method which uses the point-like source (HDP) of the triplet

excitons for an accurate measurement.
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Figure 2-13. SEM image of DPA crystalline film. Reprinted from ref. [28].

2-3-3 Comparing the value of L; measured by proposed method with
that measured by a conventional indirect method

In this section, L; in polycrystalline AC film and polycrystalline DPA films were
measured for comparison by a conventional indirect method. In the conventional method,

L can be determined by the following equation for I

1
Dera8maD,T2

In = (2-4)

where a is an interaction distance of a triplet pair of the acceptor molecules, D, is a
diffusion coefficient of the triplet exciton of the acceptor molecules and 7, is a triplet
lifetime of the acceptor molecules.'* Considering that L; is determined from D, and T,
as shown in equation (1-3), L can be extracted from equation (2-4). The value of I, and
consequently the value of L, can be determined by measuring the dependence of UC
emission intensity on the excitation intensity. In this measurement, the use of HDPs was

not suitable because fast photobleaching of the HDPs did not enable an application of a
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sufficient range of excitation intensities. Instead, binary UC crystals in which donor
molecules were dispersed into polycrystalline AC or DPA film were prepared. In order to
estimate the L in this conventional method, ®.. was assumed as 1 because donor
molecules were surrounded by acceptor molecules and efficient energy transfer from
donor molecules to acceptor molecules was expected. On the other hand, a can be

expressed as follows
a = g4clnl0 (2-5)

where &4 is the molar extinction coefficient of donor molecules and c¢ is the
concentration of donor molecules. For the estimation of a, ¢ was calculated assuming that
the density of the acceptor molecules was 1.25 g cm™. The value of a was taken from ref.
[14]. L can be estimated by measuring It and 7., and using the equation (2-4) and equation
(1-3).

For the estimation of 7., the decay time of UC emission tuc was measured. The
relationship between 7, and ruc can be expressed as follows?®

T, = 2Tyc. (2-6)

Fig. 2-14 shows temporal intensity decays of UC emission from polycrystalline AC and
DPA films. The decays were multi-exponential due to the presence of inhomogeneities in
the UC binary crystals. Three-exponential fitting was used to determine the value of zuc.
As a result of the fitting, the average tuc of AC and DPA was calculated as 7.4x107 s and
1.8x10™* s, respectively. We would like to note that only the longest component of the
decay is often used to estimate L. in literature.>’” However, here we used the average ruc
because the use of only the longest component can lead to shorter L; and can cause

underestimation of the triplet diffusion (see the appendix for the details).
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Figure 2-14. Decay of UC emission under pulsed excitation at 532 nm. Reprinted from ref.
[28].

Further, for the estimation of I, the dependence of UC emission intensity on excitation
intensity was measured (Fig. 2-15). As shown in the log-log plot in Fig. 2-15, the slope
of UC emission intensity is 2 at lower excitation intensity and changes to 1 at higher
excitation intensity. In the region of lower excitation intensity, since the TTA process is a
second-order reaction, the dependence of UC emission intensity on excitation intensity is
quadratic. However, as the excitation intensity becomes stronger, the population of triplet
excitons also increases. As a result, a newly generated triplet exciton can interact with a
nearby existing triplet exciton, leading to a change of the value of the slope from 2 to 1.
The It is determined from the intersection of these two slopes (Fig. 2-15). The I values
of polycrystalline AC film and of polycrystalline DPA film were 5.5x10' mW cm™ and
4.4x10° mW cm, respectively. As mentioned above, molecular orbital overlap of AC is

more efficient, resulting in the lower value of the estimated It.
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Figure 2-15. Dependence of UC emission intensity on excitation intensity. Reprinted from ref.
[28].

Using the calculated and estimated parameters in the equation (2-4) and equation (1-3),
Liof AC and DPA can be estimated as 50 nm and 4.9 nm, respectively.

Compared with L; measured by the direct microscopic method, the values of L estimated
from the conventional method are about an order of magnitude smaller. The possible
origin of the different values of L measured by two methods is a nonuniform distribution
of D1 in the acceptor films. The theory of the conventional method is based on a uniform
molecular distribution of the donor molecules. However, it possible that D1 is actually
segregated from acceptor and forms aggregates in the film. The triplet energy levels of
aggregates can be lower than those of isolated donor molecules. If so, triplet energy
transfer from such aggregates of D1 to acceptor molecules would be less efficient, which
would mean that aggregates of D1 cannot contribute to the UC emission. The presence of

aggregates in binary UC crystals can be confirmed by measuring the absorption spectrum
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of the crystals using an optical microscope (Fig. 2-16). As shown in Fig. 2-16, the
absorption spectrum of D1 in the UC crystal was red-shifted compared with that in THF
solution (Fig. 2-7a), which indicates the presence of aggregates. When the value of ¢ is
calculated, only D1 in dispersed isolated state (not aggregates of D1) is considered. Thus,
the value of ¢ was overestimated because we assumed that the D1 were uniformly
dispersed and there were no aggregates. The overestimation of ¢, i.e. the overestimation
of a, leads to underestimation of L because L; is inversely proportional to a as seen in
equation (2-4). In order to measure L; by the conventional method accurately, it is
necessary to measure an accurate value of a. To obtain accurate a, the accurate length of
an optical path is required. However, the accurate measurement of the length of an optical
pass in polycrystalline films is somewhat difficult. These experimental difficulties
associated with the conventional method again point out the suitability and advantages of

the direct microscopic method for measuring Lt in polycrystalline UC materials.
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Figure 2-16. Absorption spectrum of D1 in polycrystalline film of (a) AC and (b) DPA.
Reprinted from ref. [28].

2-4 Summary

In this chapter, visualization of triplet exciton diffusion in polycrystalline upconversion
materials was discussed and demonstrated. The key concept of the proposed method is
the use of a point-like excitation source of triplet excitons in the form of dye-
functionalized inorganic nanoparticles. The use of the nanoparticles leads to a generation
of high concentration of triplet excitons in a nanoscale-confined spot, the size of which is
smaller than the diffraction limit of light. As a result, triplet exciton diffusion in
polycrystalline materials can be visualized without the effect of excitation scattering. In

addition, the proposed method is free of artefacts such as inhomogeneous distribution (or
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aggregation) of donor molecules that can be an obstacle in indirect conventional methods.
The direct visualization method that was proposed and demonstrated here is an accurate

and reliable method for nanoscale characterization of crystalline UC materials.
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Chapter 2 Appendix

Two-dimensional convolution function for image fitting.

In the CCD camera images such as Fig.2-9b and Fig. 2-11b, the intensity distribution
Iyc(x) is a convolution of ng(x) and PSF, as shown in the equation (2-3). Assuming
that the fpsp(x) can be approximated by a Gaussian profile with o its variance, and

using the equation (2-3) and (2-2), Iyc(x) can be expressed as

2 2
ZO'psp/ 20psF
Lt+x

—-X
Iyc(x) = exp (zx/Lt) x erfc <TPSF) + exp(_zx/Lt) x erfc (T:sty)’ (A2-1)

where erfc is the complementary error function.

In order to estimate L., a two-dimensional convolution function Iyc(x,y) was used for

the UC image fitting. I;yc(x,y) can be expressed as

) 208k L X 2 2085k L —x
= x — —X tx
Iyc(x,y) = eXp( /th) X erfc o + exp( /th) X erfc Tooner X
2 20'1§SF/L +y ) 201§SF/L —y
exp( y/ Lty) X erfc “orer crp:; + exp( Y / Lty) X erfc TP:}; , (A2-2)

where Ly and Ly are the triplet exciton diffusion lengths along the direction x and y,
respectively. The values

of opgp?® are obtained from 2D Gaussian fitting of the fluorescence images of the FD1
attached to the HDP (Fig. 2-9a and Fig. 2-11a). Although the fluorescence image spots
shown in Fig. 2-9a and Fig. 2-11a are expressed by a a convolution of the microscopic
PSF with the HDP physical size (30 nm), the size of HDP is much smaller than PSF.

Therefore, the HDP physical size can be neglected and the size of fluorescence image
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spots can be approximated as the PSF. From the fluorescence image spots fitting, the
variance of the PSF at the peak emission wavelength of FD1 opxr can be obtained. The
size of the microscopic PSF is directly related to the wavelength of excitation light A

via:
1

€ =0.61x—, (A2-3)
NA

where NA is the numerical aperture of the objective lens. This means that the value of
opsp obtained from the fluorescence (down-conversion emission) fitting cannot be used
as opgr in the equation (A2-2) because the spectral region of the UC emission and of
fluorescence are different. Considering the equation (A2-3), the following relationship

between o and opgp was used to correct for the different wavelengths

_ duc D
OpSF = EO-PSF, (A2-4)

where Ayc is the UC emission peak wavelength and Ap is the FD1 fluorescence peak
wavelength. These values were determined from the Fig. A2-2. For the AC acceptor, Ayc
and Ap were 438 nm and 625 nm, respectively, for the DPA acceptor these values were

444 nm and 626 nm, respectively.

Analysis of the lifetime measurements

Analysis of the UC emission decay shown Fig. 2-13 was done with multi-exponential
fitting resulting in average Ty of 7.4 x 10°sand 1.8 x 10™ s for the AC and DPA,
respectively. With average values of Ty, the Lt in polycrystalline AC film and DPA film
were calculated as 50 nm and 4.9 nm, respectively. However, in literature the longest
decay time component is often used to estimate the L: The longest decay time
components estimated from the multi-exponential fitting were 8.3 x 10° s and 2.2 x

10 s for the AC and DPA, respectively. With the longest decay time component of 7y,
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the Lt of AC and DPA were calculated as 47 nm and 4.4 nm, respectively. Although these
values were slightly shorter than those estimated using the average tyc, the order of the

Lt is well comparable.
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Figure A2-1. Histograms of L; along two orthogonal axis for AC (a,b) and DPA (c,d).
Histograms in (a) or (c) represent smaller values. Histograms in (b) or (d) represent larger values.

Reprinted from ref. [28].
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Figure A2-2. Emission spectrum of (a) AC at the point of a single HDP and (b) DPA at the point

of a single HDP. In this experiment, image splitter was not used. Reprinted from ref. [28].
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Chapter 3: Triplet Exciton Diffusion
in Conjugated Polymer Nanofibers

3-1 Introduction

3-1-1 Exciton diffusion in conjugated polymers

Conjugated polymers are expected to be potentially useful for application for opto-
electronic devices such as organic solar cells or OLEDs due to their prominent
photophysical properties.!> With the aim of applying conjugated polymers to next-
generation devices, extensive studies have been reported so far. As mentioned in chapter
1, one of the most important factors that determines the characteristics of opto-electronic
devices is triplet exciton diffusion. For example, in the case of organic solar cells,
generated singlet or triplet excitons diffuse into the interface region between the acceptor
and donor materials and undergo charge separation.® Thus, long singlet or triplet exciton
diffusion length is preferred for excitons to reach the interfaces. However, singlet exciton
diffusion in conjugated polymer films is generally on the order of 10 nm due to short
singlet lifetime, randomly oriented polymer chain and energetic disorder.® This short
singlet diffusion length prevents singlet excitons from reaching the interfaces.
Consequently, the formation of bulk hetero-junction has been widely used to shorten the
distance between donor and acceptor materials.* When longer exciton diffusion length is
realized, the efficiency of solar cells can be improved.

As a solution to improve the efficiency, singlet exciton diffusion in oriented conjugated
polymers has been proposed. Compared with randomly oriented conjugated polymer

films, long singlet exciton diffusion length is expected due to its orientation. For example,
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Vogelsang et al. studied singlet energy transport in highly ordered single conjugated
polymer aggregate prepared by solvent vapor annealing’. In such a highly ordered
conjugated polymer aggregates, the maximum value of singlet exciton diffusion length is
70 nm. This value is much longer than that in films, thus, long singlet exciton transport
can be realized by orienting the polymer chains. In addition, recently, ultralong singlet
exciton diffusion length has been realized by forming nanofibers.®* One of the best ways
to orient conjugated polymer chains and enhance exciton diffusion length is the use of
nanofibers. Haedler et al. fabricated supramolecular (non-polymer) nanofibers and
revealed that singlet exciton diffusion length in such supramolecular nanofiber was up to
4.4 pm.® This extreme diffusion length was due to the induced molecular orientation
which lead to formation of H-aggregates and coherent exciton transport (Fig. 3-1). In the
case of conjugated polymers nanofibers, Jin et al. prepared nanofibers by self-assembly
method and singlet exciton diffusion length was > 200 nm due to the induced interchain
n-n stacking induced by the formation of the nanofibers.” This estimated value is
comparable with aromatic single crystals, which means that long singlet exciton diffusion
length in conjugated polymers can be realized by formation of nanofibers. Therefore, the
above results show nanofibers have strong potential as well-ordered conjugated polymer
materials.

The use of triplet excitons is also considered as an effective solution to improve exciton
diffusion length. As mentioned in chapter 1, the value of L, has no theoretical limitation
and ultralong L. on the order of tens of micrometers can be realized due to the long 7;.!%!!
For instance, L; in Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-
4,8-diyl)] (F8BT) is 180 nm while singlet exciton diffusion length in the same material is

only 8 nm.%!%!3 Therefore, utilization of triplet exciton is efficient strategy for obtaining
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long energy migration.

As described above, the use of nanofibers and triplet excitons are useful in order to
enhance exciton diffusion length. Hence, the combination of triplet excitons and
nanofibers is also considered as useful strategy for improving exciton diffusion length.
However, triplet exciton diffusion in conjugated polymer nanofibers has not been
measured so far and understanding of the behavior of triplet excitons in nanofibers is

necessary in order to realize highly efficient opto-electronic devices.

Confocal excitation

Figure 3-1. (a) Structure of the nanofiber used in ref. [8] (reprinted from ref. [8] with permission).
(b) Emission image of the nanofiber with confocal excitation. The green spot represents the
position of the confocal excitation. The emission can be observed from the opposite edge of the
excitation, indicating that ultralong exciton diffusion occurs. Reprinted from ref. [8] with

permission.

3-1-2 Fabrication of conjugated polymer nanofibers
One of the methods to fabricate polymer nanofibers is electrospinning. The concept of

electrospinning is shown in Fig. 3-2a. High voltage is applied into polymer solution and
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this charged polymer solution is sprayed onto a substrate connected to an electrode. Then,
as the solution flow becomes fine, electrostatic repulsion becomes stronger leading to
formation of further stretched solution flow and volatilization of solvent on the substrate.
As a result, nanofibers are fabricated on the substrates.

A variety of conjugated polymer nanofibers can be fabricated by electrospinning.'*!®
The photoluminescence of these conjugated polymer is strongly dependent on
polarization. Kuo et al. fabricated nanofibers blended with poly (methyl methacrylate)
and the poly{[9,9-di(3,30-N,NO-trimethylammonium) propylfluorenyl-2,7-diyl]-alt-(9,9-
dioctylfluorenyl-2,7-diyl)} diiodide salt and reported polarized photoluminescence from
nanofibers (Fig. 3-2b).'* This implies that main chains of conjugated polymer are well

oriented along the nanofibers direction. Therefore, the electrospinning method is suitable

for fabrication of well oriented conjugated polymer nanofibers.
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Figure 3-2. (a) Schematic illustration of electrospinning technique. (b) Linear dichroism of
emission from fabricated conjugated polymer nanofibers reported in ref. [14]. Strong emission
can be observed when the polarization of detected emission is parallel to the direction of

conjugated polymer nanofibers. Reprinted from ref. [14] with permission.
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3-1-3 Purpose

Improvement of L. is important to realize efficient opto-electronic devices and triplet
exciton diffusion in conjugated polymer nanofibers is expected to be one of the best
solutions. However, triplet exciton diffusion in oriented conjugated polymers has not been
measured so far. Therefore, it is necessary to study the effect of polymer chain orientation
on the extent of L in the nanofibers. In this chapter, triplet exciton diffusion in conjugated

polymer nanofibers is reported.

3-2 Experimental

3-2-1 Method for measurement L¢and sample selection

In the present experiment, L; in conjugated polymer nanofibers were measured by
measuring the threshold of UC emission. Since other methods such as method 1-6
described in chapter 1 require device configurations, precise layer thickness or
sufficiently high photostability to ensure pump photoexcitation, these methods are
difficult to apply into nanofibers. The method 7 (direct visualization) is possibly difficult
since L; in conjugated polymers which has been measured so far is often shorter than
diffraction limited size leading to the difficulty in extracting L by optical microscope. On
the other hand, measuring UC threshold is straightforward because such measurement is
associated with no difficulties in preparing the samples and this method can be used to
measure L shorter than the diffraction limited size. The efficiency of ISC in metal-free
conjugated polymers is generally not high and triplet sensitizer is required to populate
triplet excitons of the conjugated polymers. Therefore, a small amount of triplet sensitizer
was dispersed in conjugated nanofibers to populate triplet excitons in this experiment.

There are a few reports related to TTA-based UC materials composed of conjugated
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polymers.'®!7 Jankus et al. reported one such examples of TTA-based UC materials
composed of polyphenylene vinylene copolymer (super yellow) and palladium (meso -
tetraphenyl-tetrabenzoporphyrin) (PdTPBP).1® Therefore, in this experiment, super
yellow and PdTPBP were selected as conjugated polymer emitter and sensitizer,
respectively. The chemical structures of super yellow and PdTPBP are shown in Fig. 3-

3.

Figure 3-3. Chemical structures of (a) super yellow and (b) PdATPBP.

3-2-2 Sample preparation
In this experiment, nanofibers of super yellow (Sigma-Aldrich) doped with 4 wt% of

PATPBP (Chemodex) were fabricated by electrospinning. As a reference, spin-coated
films of the same super yellow polymer doped with 4 wt% PdTPBP were prepared as
non-oriented sample.

For fabrication of nanofibers, super yellow was dissolved in chloroform solution at the
concentration of 0.05 wt%. PdTPBP was also dispersed in chloroform solution and this
solution was mixed into prepared super yellow solution to obtain 4 wt% PdTPBP mass to

mass ratio in fabricated nanofibers. Then, super yellow solution doped with PATPBP was
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filled into the syringe. The diameter of the needle of syringe was 0.31 mm and the flow
rate of super yellow solution was 0.3 ml/h. The distance between the tip of the syringe
and cleaned glass substrate was 15 cm. The applied voltage to the syringe and the glass
substrate was +15 kV and -1 kV, respectively. The glass substrate was sprayed for about
30 s. On the other hand, for preparation of spin-coated film, super yellow was dissolved
in toluene solution at the concentration of 0.2 wt%. After that, PATPBP was also dispersed
in toluene solution and this solution was mixed into super yellow solution to get 4 wt%
PdTPBP mass to mass ratio. Then, this solution was spin-coated on the cleaned glass
substrate (30s, 3000 rpm).

Absorption spectra and emission spectra in toluene solution were measured using a
standard UV-visible/NIR spectrophotometer (V-760, Jasco) and a real-time multichannel
spectrometer (PMA-12 C10027-01, Hamamatsu Photonics), respectively.

The UC threshold was measured with an inverted fluorescence microscope (IX 71,
Olympus). The excitation was a continuous wave laser (ASITALASER) at 635 nm. The
UC emission from super yellow was collected by an oil immersion lens (x100 UPLSAPO,
N.A. 1.3, Olympus) with dichroic mirror (600nm, 25.2 x 35.6mm, Dichroic
Shortpass Filter, Edmund Optics). This collected UC emission was filtered by short
pass filter (FES0600 Short Pass Filter, 600 nm cut off, Thorlabs) and imaged by an

electron-multiplying (EM) CCD camera (iXon, Andor Technology).

3-2-3 Quantum chemical calculations
Quantum chemical calculations for transfer integral were performed using Amsterdam
density functional (ADF2018) package. Transfer integral of electron transfer (hole

transfer) feqnyy was calculated using Hybrid-B3LYP functional and TZP Slater-type all-
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electron basis sets.

3-3 Result and discussion

Fig. 3-4 shows the absorption and emission spectra of super yellow and PdTPBP in
toluene solution. PATPBP can be excited at 635 nm followed by efficient ISC. The triplet
energy of PATPBP is transferred to super yellow leading to generation of triplet excitons.
After triplet exciton diffusion and TTA of super yellow, up-converted photons should be
observed from 500-600 nm. As seen in Fig. 3-5, the UC emission from super yellow in

THF solution excited at 635 nm was observed as expected.
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Figure 3-4. Absorption and emission spectra of super yellow and PATPBP in toluene.
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Figure 3-5. UC emission from super yellow in toluene excited at 635 nm.

3-3-1 Characteristics of the fabricated nanofibers

Fig. 3-6 shows SEM image of the fabricated fibers. The samples contain not only fibers
but also larger aggregated structures. This indicates that super yellow is somewhat likely
to form aggregates under the present condition. In the following experiments, the amount
of sample deposited on a microscopic substrate was reduced in order to obtain isolated
and well spatially separated nanofibers that could be measured individually using an

optical microscope.
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Figure 3-6. SEM image of a sample fabricated by electrospinning.

Fig. 3-7 shows fluorescence images of fabricated super yellow fibers. As shown in Fig.
3-7, super yellow fibers can be confirmed in the image. However, aggregates of super
yellow were also observed (Fig. 3-7). In this experiment, we measured and analyzed only
the regions of well-formed fibers in order to avoid the contribution of aggregates. Thus,
we discuss photophysical properties of only the fiber regions in the following section. Fig.
3-8 shows atomic force microscope (AFM) images of fibers. In the AFM images, the
width and height of the nanofibers are estimated about 100 nm and 10 nm, respectively,

confirming that super yellow fibers are on nanoscale order (nanofibers).
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Figure 3-7. Fluorescence image of the fabricated nanofibers. The strong fluorescent spots

(surrounded by red circles) were sometimes observed, indicating the formation of aggregates.

Figure 3-8. AFM image of a single conjugated polymer nanofiber.

In order to estimate the degree of orientation in nanofibers, linear dichroism of
absorption was measured. In this measurement, excitation light was circulated polarized
and a polarizer was put between the fluorescence microscope and the wave plate. In such

configuration, samples can be excited by linearly polarized light. As the polarizer is
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rotated, the direction of linearly polarized excitation light is changed and linear dichroism
of absorption monitored in fluorescence can be measured. In the case of spin-coated film,
the fluorescence intensity is not affected by rotation of polarizer because polymer chains
in film are not oriented and isotropic (Fig. 3-9). On the other hand, as the polarizer on the
excitation side was rotated, the fluorescence intensity from the nanofibers is modulated
(Fig. 3-10). This modulation obviously results from anisotropic absorption due to
orientation of super yellow polymer chains in the nanofibers. The maximum to minimum
ratio of fluorescence intensity is about 10, which means polymer chains are highly

oriented in the nanofibers (Fig. 3-10).
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Figure 3-9. Dependence of emission intensity from spin-coated film on the excitation polarization.

The polarizer used in this experiment rotated once in about 10 s.

68



(a)

Normalized Intensity

0 1 1 1
0 10 20 30

Time (s)

Figure 3-10. (a) Fluorescence images of a single nanofiber during one rotation of the polarizer.
As the polarizer is rotated, the fluorescence image was modulated. (b) Two spots used for time
tracing measurement. (c) Time tracing of fluorescent intensity at the spots indicated in (b). The

polarizer used in this experiment was rotated once in about 10 s.

3-3-2 Estimation of triplet exciton diffusion in nanofibers
In order to estimate triplet exciton diffusion length in the nanofibers, the dependence
of UC emission intensity on excitation intensity was measured and the value of UC
threshold was evaluated. The intensity of UC emission from a single spot on a nanofiber

was measured and analyzed using a fluorescence microscope. Fig. 3-11a and b shows the
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dependence of UC emission intensity on excitation intensity in spin-coated film and in
single nanofiber, respectively. As mentioned in chapter 2, the UC threshold is determined
from the intersection of two linear fits. The estimated threshold of spin-coated film and
single nanofiber were 1.1x10* mWem™ and 3.6x10° mWem™, respectively. The evaluated
UC threshold is determined by many parameters, such as @4, a, a, 7t and Dy as seen in
equation (2-4). In this experiment, we assumed that all parameters except for D; are same
in the two prepared samples (nanofibers and spin-coated film). This assumption is
considered appropriate since such parameters are independent on morphology of the
conjugated polymer chains. Thus, the difference of the value of UC threshold implies the
difference of Dy indirectly. The value of UC threshold in single super yellow nanofiber is
3.2 times lower than that in spin-coated film. This means Dy in single nanofiber is 3.2
times larger than that in spin-coated film since D is inversely proportional to UC
threshold, as shown in equation (2-4).

Next, L in nanofibers are estimated. Rand et al. reported L; in film of super yellow by
measuring photocurrent in the device composed of super yellow and the estimated L in
film was 9 nm.'® Thus, in the present case, L; of prepared spin-coated film is also
considered as 9 nm. Consequently, considering that D; in super yellow nanofibers is 3.2
times larger than that in films and that L; is proportional to the square root of Dy, L; in
nanofibers can be estimated as 16 nm. Our result implies that the extended L; can be
obtained with the use of conjugated polymer nanofibers. This means conjugated polymer

nanofibers are potential organic molecular materials for opt-electronic devices.
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Figure 3-11. Dependence of UC emission intensity on excitation intensity of (a) spin-coated film

and (b) a single nanofiber.

In order to discuss the different obtained values of L, quantum chemical calculations
were performed. Triplet exciton diffusion that is based on Dexter-type energy transfer
requires molecular orbital overlap. The degree of the overlap is related to a transfer
integral, which was calculated here for model systems. As the simplest model that
describes the conformational motifs of a conjugated polymer chain (super yellow)

oriented in a nanofiber or dispersed randomly in a spin-coated film we used trans type or
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cis type configuration of the conjugated bond between two monomer units. In an extended
state (such as in the nanofiber), neighboring segments in the conjugated polymer chain
are straight (connected in a trans-like type configuration). On the other hand, in the case
of spin-coated film, the conjugated polymer chains are oriented randomly, which implies
the presence of both cis and trans type configurations. Here, for the sake of simple
qualitative explanation, only phenyl segments in the super yellow structure were used for
the calculation. After structure optimization in cis type or trans type configuration, orbital
overlaps related to triplet energy transfer (namely, overlaps between HOMO and HOMO,
and between LUMO and LUMO) were calculated. The calculated transfer integrals of the
cis type configuration were tp = 37.8 meV and to. = 7.8 meV, respectively and those
of the trans type configuration were t,; = 0.5 meV and t.; = 34.7 meV, respectively.
This result shows that the degree of molecular orbital overlap and the resulting transfer
integral are not dramatically different between the cis and trans type configurations.
Therefore, the measured extent of the triplet diffusion length L is not determined by the
molecular-level structure (and the resulting molecular orbital overlap) of the conjugated
polymer chains.

The origin of the extended value of L: in the nanofiber could be the decreased
dimensionality of the 1D fiber structure. In the case of the nanofiber, triplet excitons are
likely to diffuse along the polymer main chain (in 1D direction) which itself is oriented
along the orientation of the nanofiber. On the other hand, in the case of spin-coated film,
triplet excitons can diffuse three-dimensionally along the randomly orientated polymer
chains. Therefore, the dimensionality is one of the advantages of the nanofiber structure
leading to the extended value of L even though the difference of molecular orbital overlap

between the nanofiber and the spin-coated film is not significant.
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3-4 Summary

In this chapter, triplet exciton diffusion in oriented conjugated polymer nanofibers was
discussed. Super yellow nanofibers were successfully fabricated by electrospinning and
the orientation of conjugated polymers was confirmed from the measurement of linear
dichroism. While direct microscopic visualization of the triplet exciton diffusion was not
possible due to generally short diffusion lengths in conjugated polymers, the observed
excitation intensity threshold Iy for upconversion emission in the nanofibers was
significantly lower than that in a reference spin-coated film, implying that triplet exciton
diffusion in the nanofiber was enhanced. Analyzing and comparing the value of /i in the
nanofiber and in the spin-coated film, the triplet diffusion length L in the super yellow
nanofiber was determined as 16 nm. This study thus points to potential advantages in the
use of conjugated polymer nanofibers in TTA-based upconversion devices and possibly

in other opto-electronic applications.
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Chapter 4: Suppressed Triplet Exciton
Diffusion as a Possible Factor for the
Appearance of Persistent Room
Temperature Phosphorescence

4-1 Introduction

4-1-1 Persistent room temperature phosphorescence

Understanding and controlling triplet excited state is crucial for improving the device
performance of OLEDs,*? for photodynamic therapy,® bioimaging,* and for TTA-based
UC materials.® For instance, the recent great progress in the development of OLEDs can
be especially attributed to the development of efficient room temperature
phosphorescence (RTP) from heavy-metal complexes.® Unlike the efficient RTP from
such complexes that is enhanced by the heavy-atom effect, the triplet radiative rate &, of
metal-free conjugated molecules is generally very small’”. In addition, at room
temperature (RT) under ambient conditions, the triplet nonradiative depopulation rate due
to intramolecular vibrational relaxation k- and the triplet quenching rate due to the
interaction with ambient surroundings kq are much larger than the value of k. Therefore,
the RTP from metal-free conjugated molecules in ambient surroundings had been
considered difficult to observe for long time. However, in the past a few years, the RTP
from metal-free aromatic molecules in ambient surroundings has been realized by
suppressing knt+ kq in organic molecular materials such as host-guest systems, carbon
nanodots and heavy atom-free aromatic crystals.®!* Further, in some of these materials,

ultralong-lived RTP (or persistent RTP) was reported.'®!* The lifetime 7, of such RTPis
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on the order of a few seconds due to intrinsically very small &, and due to simultaneous
suppression of knt+ kq. This means persistent RTP can be observed easily by a naked eye
after ceasing the photoirradiation, as shown in Fig. 4-1. Such materials can be potentially
applied in bioimaging, optical sensing and security because persistent RTP is independent
of autofluorescence of the sample and can be experimentally measured with low-cost

detectors due to the ultralong-lived nature of the RTP.!>!°

Under uv

After stopping UV

-----

Figure 4-1. Persistent RTP reported in ref. [10]. After stopping photoexcitation, bright persistent

RTP can be observed. Reprinted from ref. [10] with permission.

4-1-2 Current issues

In order to obtain efficient persistent RTP from heavy atom-free conjugated molecules,
efficient ISC and suppressed kntkq are very important. It is known that efficient ISC in
heavy atom-free conjugated molecules can be realized by molecular design based on
symmetry rules or the El-Sayed rule.?%-?2 On the other hand, the theory of suppression of
kntkq 1s not sufficient and not completed. Hence, the elucidation of the suppression of
kmtkq 1s crucial for understanding the mechanism of the appearance of persistent RTP.

However, the experimental separation of kntkq into knr and kq is somewhat complicated,
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resulting in the difficulty in analysis of suppressed knr and kq.%° In the case of host-guest
systems, the separation of ku(RT)+kq(RT) can be realized by using very rigid host material
with high T1 energy.!'? In such host-guest materials, the thermally activated energy transfer
from guest molecules to host matrix and the deactivation via quenching by oxygen are
suppressed, resulting in the suppression of knt+kq and consequently the appearance of
efficient persistent RTP. Very recently, it was revealed that the value of ki in such very
rigid host materials was intrinsically comparable with that of k,.?> Therefore, the
mechanism of the appearance of persistent RTP (the theory of suppression of kntkq) in
host-guest systems is becoming clear.

On the order hand, in the case of persistent RTP from molecular aggregated states such
as heavy atom-free conjugated molecular crystals, charge transfer (CT) characteristics
have been considered important for persistent RTP because the CT kind of molecules are
expected to induce strong and rigid intermolecular interactions in the crystals.!3:!8:23:24
That said, some heavy atom-free conjugated molecular crystals without CT characteristics
still show persistent RTP.>%*” Hence, the molecular design for the persistent RTP from
crystalline state has been somewhat phenomenological so far, and the mechanism of the
appearance of persistent RTP from such crystalline state is not yet fully known.
Particularly, the discussion of the origin of the suppression of kntkq in crystalline state
has not gone beyond the understanding that it is caused by the induced rigidity of the
crystalline state. Therefore, unraveling of the mechanism of suppressed kuntkq is crucial
and new photophysical approaches are required for obtaining persistent RTP from
crystalline state. Now, for the following discussion, it should be noted that /g is a rate of
a process that results in complete triplet quenching at the defect sites inside the crystal or

at the surface of the crystal. This means that &q does not include triplet energy migration
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from one site to neighboring one if the triplet energy is not quenched in the crystal as a
result. Focusing on the kq in aromatic crystals, triplet exciton diffusion is one of the factors
that determine the value of kq.° Triplet excitons with long L can reach defect sites in the
crystal or at the crystal surface, followed by the triplet quenching, leading to a large value
of kq. Triplet excitons with short L; do not reach the defect sites or the surface leading to
small values of kq. However, L. in aromatic crystals showing persistent RTP has not been
measured or considered so far, in spite of its possible large contribution to kq. Therefore,
the consideration of the relationship between L; and kq in such crystals is crucially

important for deeper understanding of the mechanism of persistent RTP.

4-1-3 Purpose

The mechanism of the appearance of persistent RTP from crystalline materials has not
been understood because the information of the suppressed kntkq is lacking. In this
chapter, the value of ki and &q were measured. Further, the value of L was measured and

its relationship to kq was discussed.

4-2 Experimental
4-2-1 Sample preparation

In this experiment, two kinds of aromatic crystals, with and without persistent RTP,
were prepared. 2-carbazolyl-4,6-dichloro-1,3,5-triazine (CzDCIT) was used as aromatic
crystals with persistent RTP while rubrene was used as reference crystal without persistent
RTP. The chemical structures are shown in Fig. 4-2. CzDCIT was synthesized as
previously reported in ref. 13 and purified by recrystallization. Rubrene single crystals

were grown by physical vapor transport under reduced pressure (ca. 10 Pa). Rubrene
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powder (Tokyo Chemical Industry CO., LTD.) was sublimated in three-zone furnace. The
temperature of the sublimation and deposition parts were set as 195°C, 160°C and 145°C,

respectively. The flow rate of nitrogen was 45 mL/min.

o ® oX0,

Y seee
ols

Figure 4-2. Chemical structures of (a) CzDCIT and (b) rubrene.

4-2-2 Measurement methods

Emission spectra and 7(T) of CzDCIT were measured with a photonic multichannel
analyzer (PMA-12, Hamamatsu Photonics) and a cryostat (Optistat DN-V, Oxford
Instruments). RTP spectra of CzDCIT were measured by detecting the emission spectrum
soon after ceasing photoexcitation. The quantum efficiency of fluorescence at RT &rand
the quantum efficiency of phosphorescence at RT @, were determined using an absolute
luminescence quantum yield measurement system (C9920-02G, Hamamatsu Photonics).
X-ray measurement of CzDCIT single crystal was performed using a Bruker SMART
APEX Il ULTRA/CCD diffractometer.

In this experiment, triplet exciton diffusion was visualized using an inverted
fluorescence microscope (IX 71, Olympus). In the case of CzDCIT single crystal, the
excitation light was provided by a 360 nm cw laser (UV-FN-360, 100 mW, CNI).
Emission from CzDCIT single crystal was collected by an oil immersion lens (UplanFLN

100x%, N. A. 1.3, Olympus) using a dichroic mirror (Dichro375) and a long pass filter
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(LP377, Edmund) and detected using an electron-multiplying CCD camera (iXon, Andor
Technology). In the case of rubrene single crystal, the excitation light was provided by a
442 nm cw laser (IK4301R-D, KIMMON KOHA), and the same optical setup was used
except for using different dichroic mirror (Dichro488, Semrock) and long pass filter

(LP515).

4-2-3 Quantum chemical calculations

Quantum chemical calculations for electron transfer rate or hole transfer rate were
performed in order to understand the relationship between the estimated L and kq. The
calculations for electron transfer rate (hole transfer rate) at RT keyny) were performed using
Amsterdam density functional (ADF2018) package. Transfer integral of electron transfer
(hole transfer) feynt) was calculated using Hybrid-B3LYP functional and TZP Slater-type
all-electron basis sets. Configuration of neutral monomer and radical anion (radical
cation) of the monomer were optimized using Hybrid-B3LYP functional and TZP basis

sets to determine the reorganization energy of electron transfer (hole transfer) Aet(ny).

4-3 Result and discussion

Fig. 4-3a and b show emission spectra and phosphorescence decay of CzDCIT crystals,

respectively. At room temperature under ambient conditions, the value of 7 was 0.61 s.
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Figure 4-3. (a) Spectrum of persistent RTP from CzDCIT crystal. (b) Decay of persistent RTP
from CzDCIT crystal. Reprinted from ref. [39].

4-3-1 Estimation of the value of k, and kq

In order to estimate the value of knr and kg, the separation of knt+kq was carried out by
measuring temperature dependence of kn(T)+ky(T). This separation enabled the
estimation of the individual values of knr and kq. To determine the temperature dependence
of kni(T)+kq(T), temperature dependence of 7(T), quantum efficiency of ISC at RT @i,
@r and P, are required. Generally, the measurement of @i in crystalline materials is
difficult. Therefore, ®isc was approximated as @isc ~ 1-Pr. This approximation is valid

when conjugated a molecule has a rigid planar structure and its S; excitation energy is
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above 2.7 eV without conical intersections.’ In the case of CzDCIT, this approximation
can be used in crystalline state although it is not appropriate in solution due to the twisted
molecular structure (see the appendix for the details). Using the value of measured @,
and calculated @i, the value of k, was determined as 5.1x10 s, Then, temperature
dependence of kn(T)+kq(T) was estimated by subtracting the calculated 4, from the
reciprocal of 7, (T) (Fig. 4-4). As shown in Fig. 4-4, temperature dependence of
knr(T)+kq(T) has an Arrhenius-like character and can be fitted with a sum of two
exponential functions. Such behavior has been reported before for host-guest systems. !
In the previous reports, the value of kn(T) was dominant at lower temperature. On the
other hand, as temperature increases, the value of kq(T) starts dominating due to a
temperature dependent triplet energy transfer from guest molecules to host molecules. In
the case of CzDCIT crystals, we assumed that kn(T)+kq(T) can be separated into kun(T)
and kq(T) in the same manner as in ref. 10, and estimated k. (T) at RT and kq at RT as
1.2x10° s™' and 3.9x107" 57!, respectively. The estimated value of kq is very small in the

CzDCIT crystal, leading to the appearance of persistent RTP.
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Figure 4-4. Temperature dependence of ku(T)+kq(T). Reprinted from ref. [39].

4-3-2 Measurement of triplet exciton diffusion

From the measurement of the temperature dependence of kn(T)+kq(T), the very small
value of kq(T) at RT was extracted. This suppressed kq(T) at RT is responsible for the
persistent RTP in the CzDCIT crystal. Therefore, understanding the origin of the
suppressed kq 1s very important for obtaining efficient persistent RTP from crystalline
state. However, deeper understanding or further discussion of k4 cannot be obtained from
the temperature dependence alone. The factors that determine the value of kq are the
crystal size, the concentration of defect sites, the concentration of oxygen and L. In this
experiment, L; in CzDCIT single crystal was measured as a primary determining factor of
kq because the other factors determining kq are largely dependent on the value of Li if Lt
is long enough. Hence, the measurement of L is considered crucial for elucidation of

suppressed kq. For estimation of the value of Ly, triplet exciton diffusion was visualized
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with epi-fluorescence microscope. As explained in chapter 1, the visualization of triplet
exciton diffusion is based on the spatial spread of emission. In the following, the
photophysical processes used for the visualization of triplet exciton diffusion in the
crystals used in this experiment are explained (Fig. 4-5). In the case of CzDCIT single
crystal, photoexcitation (at 360 nm) is focused on the surface of the crystal. The excited
singlet excitons are converted to triplet excitons via ISC, and the generated triplet excitons
diffuse in the crystal. Eventually, photons of persistent RTP are emitted in the vicinity of
the excitation spot (Fig. 4-5a). In a phosphorescence microscopic image, the size of
persistent RTP directly reflects the triplet diffusion length L. On the other hand, the triplet
lifetime 7 of rubrene single crystal was 100 ps,?® leading to no detectable persistent RTP.
In addition, the triplet exciton diffusion in rubrene single crystal has been measured and
visualized before.?” Therefore, rubrene single crystal can be used as a reference sample
of'a molecular crystal without persistent RTP. Triplet exciton diffusion in a rubrene single
crystal was measured using the same optical setup (with excitation at 442 nm). The
generated singlet excitons of rubrene are immediately converted into triplet excitons via
efficient singlet fission (SF).?’ After SF, triplet excitons diffuse in the crystal, followed
by TTA and subsequent delayed fluorescence (Fig. 4-5b). The photons of delayed
fluorescence are emitted in the vicinity of the excitation, and the microscopic size of the
emission image reflects the extent of the triplet exciton diffusion. Analyzing the
microscopic images of the emission and of the focused excitation, the value of L can be

estimated (see the appendix for the details).
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Figure 4-5. Illustration of the detection scheme for visualization of triplet exciton diffusion via

(a) persistent RTP and (b) TTA-induced delayed fluorescence. Reprinted from ref. [39].

The crystal structures of rubrene (taken from ref. [30]) and that of CzDCIT (measured

by X-ray analysis) are shown in Fig. 4-6. The lattice parameters of rubrene are a = 26.86

A,b=7.193 A, c = 14.433 A and those of CzDCIT are a =20.283 A, b = 8.0648 A, ¢ =

15.995 A. As seen from these parameters and the Fig. 4-6, both crystal structures show

efficient molecular packing in the direction of the crystal b axis. Since Dexter-type energy

transfer requires molecular orbital overlap, triplet exciton diffusion along b axis should

be efficient in both crystals.
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Figure 4-6. Crystal structure of (a) rubrene as reported in ref. [30] and (b) CzDCIT. Reprinted
from ref. [39].

Fig. 4-7a and b show microscopic images of delayed fluorescence from rubrene single
crystal and of the corresponding focused laser excitation, respectively. Fig. 4-7c shows
one-dimensional intensity cross-sections of the two images along the b crystallographic
axis. Compared with the excitation spot, anisotropically extended delayed fluorescence
image can be observed in the Fig. 4-7a. The anisotropy reflects the fact that triplet
excitons diffuse mainly along the b crystallographic axis as expected, and as also reported

previously (e.g., in ref. [29]). In the same manner as explained in the chapter 2, the one-
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dimensional fluorescence intensity cross-section along the b crystallographic axis I.(x)
can be expressed as,
I (x) = ns(x) X fpsp(x). (4-1)

Considering that the delayed fluorescence from rubrene single crystal occurs via TTA,
ng(x) can be expressed as the square of the n.(x) as explained in the chapter 2.
Therefore, by using the equation (4-1) and the equation (2-2), and assuming that the
focused laser excitation profile can be approximated by a Gaussian function, the value of
L in rubrene single crystal can be estimated by fitting to the one-dimensional intensity
cross-section of the delayed fluorescence. In this study, only the tale of the fluorescence
profile was fitted using equation (4-1) because the part of the profile at the position of the
excitation (x=0) reflects not only the delayed fluorescence but also strong prompt
fluorescence (Fig. 4-7¢). As a result of the fitting, L; is calculated as 3.4 pm. This value

of L is comparable with that obtained previously by this method and other techniques?’.
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Figure 4-7. (a) Microscopic image of delayed fluorescence from rubrene single crystal. The arrow
indicates the direction of the crystallographic b axis. (b) Image of excitation profile focused on
the rubrene single crystal. (c) One-dimensional intensity cross-sections of (a) and (b) along the
crystallographic b axis. The dotted line represents fit of the delayed fluorescent cross-section to

equation (4-1). Reprinted from ref. [39].

In the case of CzDCIT single crystal, the microscopic image of persistent RTP detected
0.1 s after ceasing excitation is shown in Fig. 4-8a and the corresponding excitation image
is shown in Fig. 4-8b. Fig. 4-8c shows one-dimensional intensity cross-section of the two
images along the b crystallographic axis. The one-dimensional intensity cross-section of

persistent RTP along the b crystallographic axis I.(x) can be expressed as,

I.(x) = ne(x) X fpsp(x) (4-2)
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Fitting of the one-dimensional intensity cross-section of persistent RTP using the equation

(4-2) and the equation (2-1) gives the value of L; of 0.42 um.
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Figure 4-8. (a) Microscopic image of persistent RTP from CzDCIT single crystal. The arrow
indicates the direction of the crystallographic b axis. (b) Image of excitation profile focused on
the CzDCIT single crystal. (¢) One-dimensional intensity cross-sections of (a) and (b) along the
crystallographic b axis. The dotted line represents fit of the cross-section of persistent RTP to
equation (4-2). Reprinted from ref. [39].

Generally, in the case of materials showing persistent RTP, the phosphorescence intensity
(the population of triplet excitons) is gradually saturated as the excitation intensity

increases.®! Fig. 4-9 shows dependence of phosphorescence intensity of CzDCIT single
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crystal on excitation intensity. As seen in the Fig. 4-9, the intensity of persistent RTP is
starts saturating for the excitation intensity values above 0.01 mW cm. Such saturation
of intensity of persistent RTP can lead to an overestimation of the value of L because the
emission profile in the microscopic image at the position of the excitation (x~0) is
broadened due to the saturation effect (Fig. 4-10). Therefore, the excitation intensity
should be as low as possible when triplet exciton diffusion in materials with persistent
RTP is visualized. In this experiment, the minimum mean excitation intensity that is
detectable by the present optical setup was 0. 61 mW cm™. This value is still much
stronger than the threshold of saturation (0.01 mW c¢m™). Thus, the measured value of L
of 0.42 um has to be considered as an upper limit of the experimentally determined
diffusion length. Even as such, the value of L in the CzDCIT single crystal is still an order

of magnitude smaller than that in the rubrene single crystal.
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Figure 4-9. Dependence of intensity of persistent RTP on excitation intensity (red circle). Blue

triangles represent a linear asymptotic line. Reprinted from ref. [39].
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Figure 4-10. One dimensional cross-section of the intensity of persistent RTP from CzDCIT
single crystal. The excitation intensity of blue, green and red line is 0.76 mW/cm?, 6.03 mW/cm?

and 49.08 mW/cm?, respectively. Reprinted from ref. [39].

To understand the origin of the small value of L; in the CzDCIT single crystal, triplet
exciton diffusion coefficients D; of CzDCIT and rubrene were calculated. Generally, as
shown in equation (1-3), D; can be calculated using the measured values of Liand 7. The
values of D of rubrene and of CzDCIT were calculated as 1.1x10~ ¢cm?s! and 3.0x107
cm?s”!, respectively. The calculation shows that the value of D; of CzDCIT is several
orders of magnitude smaller than that of rubrene. Comparison with other heavy atom-free
aromatic crystals also shows that the value of D; of CzDCIT is much smaller than those
in such crystals (e.g., ref in [32]). This very small value of D; in CzDCIT is considered
responsible for the short L.

To further understand the small D; of CzDCIT, quantum chemical calculations were

performed. Considering that triplet exciton diffusion is based on Dexter-type energy

transfer which itself can be considered as double electron transfer (simultaneous electron

92



and hole transfer), D can be approximated as,

Dy o kgt X kpt (4-3)
where the ko and ky, are the electron and hole transfer rates, respectively.>? In the
frame of the Marcus electron transfer theory, the kq.(T) and k. (T) can be expressed

as,

tgt(ht) [ —ZAet(ht)
ket(ht)(T) = ’let(ht)kBT exp( #hgT ) (4-4)

where T is temperature, kg is Boltzmann constant and # is Planck’s constant. In order to
calculate the values of Aetnr), molecular structures optimized using Hybrid-B3LYP and
TZP as exchange-correlation functionals with a Slater-type all-electron basis were used,
respectively.

As shown in Fig.4-6, triplet excitons in both crystals are incline to diffuse along the b
crystallographic axis. Therefore, in the present calculations, molecular dimers chosen
along the b crystallographic axis in both crystals were used as basic energy transfer units
for the calculation of ke¢cnr). The dimer in rubrene along the b axis is called dimer R. In
the case of CzDCIT, there are two kinds of slightly different dimers along the b
crystallographic axis, and these are denoted as dimer 1 and dimer 2 (see the appendix for
the details). The calculated values of ternt), Aet(ht)> Ketht) and keg X ki of the dimer
R, the dimer 1 and the dimer 2 are shown in Table 4-1. For rubrene, the calculated value
of ket X ky of the dimer R is 7.0x10%¢ s2. For CzDCIT, the values for the dimer 1 and
dimer 2 are 2.0x10* s and 7.0x10*? s, respectively. It should be noted that other
calculation results show that the values of kg X ky; of the dimer 1 and dimer 2 are much
larger than those of other possible dimers in the CzDCIT crystal (see the appendix for the
details). This implies that triplet exciton diffusion along the b crystallographic axis is

more efficient compared to the diffusion along the a or ¢ crystallographic axes. The value
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of ket X ky of the dimer 1 is smaller than that of the dimer 2, which means that the
transfer rate of the dimer 1 is a limiting factor for the triplet exciton diffusion along the b
crystallographic axis. Therefore, in the following discussion, only the dimer 1 is
considered as a primary dimer in the CzDCIT crystal. Comparing CzDCIT with rubrene,
the value of kot X ky; of the dimer 1 is 4 orders of magnitude smaller than that of the
dimer R. This large difference is responsible for the large difference in the values of Dy

between two crystals.

te (MeV) | tet (MeV) [Ant (MeV) [Aet (MeV)| kit (s™) ket (") | kntX ket (s) | Dt (cm?s™)
Dimer R 95.15 4713 | 166.5 | 2204 |7.43x10'|9.40x10'2| 7.0x10% 1.1%x10°
Dimer 1 3.48 79.25 7.10%10°|2.80% 102 | 2.0x10%
3951 | 420.0 3.0x10°
Dimer 2 14.38 35.87 1.21x10"| 5.75%10" | 7.0%10%

Table 4-1. Calculated parameters of transfer integral, reorganization energy, transfer rate,

ket X kyt and diffusion coefficient.

The origin of the calculated small value of k¢ X ky of the dimer 1 can be attributed to
the very small value of t;,; of this dimer. As shown in Table 4-1 and as mentioned above,
the calculated value of ¢y, is 4 orders of magnitude smaller than that of dimer R while
the value of to; of the dimer 1 is comparable with that of the dimer R. The different
values of ty,; between the dimer 1 and the dimer R can be traced to different overlap of
molecular orbitals related to the Ti-So transition. Fig. 4-11 shows HOMO and LUMO
orbitals of rubrene and of CzDCIT, respectively. As seen in the Fig. 4-11, both HOMO
and LUMO orbitals of rubrene are localized on the tetracene unit. Therefore, such
molecular orbitals in face-to-face molecular packing in the dimer R lead to large orbital

overlaps between HOMO and HOMO (as well as between LUMO and LUMO), resulting
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in the large values of teo, tht (Ket, knt) and consequently in large values of Dy (Fig. 4-
12a). On the other hand, the HOMO orbital of CzDCIT is localized on the carbazole unit
while its LUMO orbital is delocalized over the molecule (Fig. 4-11), which means that
the CzDCIT molecule has CT characteristic. Considering the electron transfer in the dimer
1, molecular orbital overlap between LUMO and LUMO is large due to the delocalization
of LUMO, resulting in the large value of to; (and k(). This value is comparable with
ter (and ty;) of rubrene. On the other hand, for the hole transfer in the dimer 1, the
localization of the HOMO orbital on the carbazole unit, together with the molecular
packing in the dimer in which the two monomers face opposite sides, cause small
molecular orbital overlap between the HOMO orbitals. This small HOMO — HOMO
overlap leads to the very small value of t;,; (and ky), and this very small value of t;

in the dimer 1 is responsible for the small value of D; of CzDCIT (Fig. 4-12b).
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Figure 4-11. Molecular orbitals related to T-So transition of rubrene (top) and CzDCIT (bottom).
Reprinted from ref. [39].
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Figure 4-12. (a,b) Top: Illustration of molecular dimers along the crystallographic b axis : dimer
R in rubrene a) and dimer 1 in CzDCIT b). The two molecules in the dimers are denoted as I and
ii. Bottom: Schematic illustration of molecular orbital overlaps and the explanation of the
relationship between the orbital overlaps and D; for rubrene a) and CzDCIT b). Molecular
orbitals of molecules i and ii are shaped in orange and blue, and the orbital overlaps are shaped

in green. Reprinted from ref. [39].
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4-4 Summary

In this chapter, triplet exciton diffusion in CzDCIT single crystal was discussed. The
measured values of exciton diffusion length L; and diffusion coefficient D; were < 0.42
pum and < 3.0x10° cm? s}, respectively. D; in CzDCIT was found much smaller than in
other conventional aromatic crystals. Small molecular orbital overlap between HOMO
and HOMO leads to such a small value, in spite of favorable molecular stacking along
the b crystallographic axis. This small value of Dy is responsible for the short Lt.

Short L; is crucial for the appearance of persistent RTP. Suppressed triplet exciton
diffusion prevents triplet excitons from reaching defect sites inside or on the surface of
the crystal leading, to the decrease of the quenching rate kq. As a result, triplet lifetime is
increased and persistent RTP can be obtained in spite of intrinsically very small value of
phosphorescence rate k. So far, the discussion of the mechanism of persistent RTP in
crystalline materials in literature has focused on the molecular packing and molecular
conformation that might lead to the induced rigidity. Here, a mechanism contributing to
the persistent RTP is unraveled by visualization of triplet exciton diffusion. Molecular
packing with small orbital overlap is found to be preferable for persistent RTP, pointing
to a strategy for molecular design of persistent RTP in molecular solids.

In addition to persistent RTP, suppressed triplet exciton diffusion is also considered
crucial for TTA-based UC materials and TADF-based electroluminescence materials. In
the case of TTA UC materials, as explained in Chapter 2, long L is necessary to obtain
lower I for use of weak continuous light such as sunlight. However, on the other hand,
too long L can decrease the efficiency of UC emission.** In the field of TADF-based
electroluminescence materials, minimizing the quenching effect caused by triplet exciton

diffusion is considered important for high efficiency.?>*® Therefore, new insights on the
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role of suppressed triplet exciton diffusion in organic molecular materials will be
important for UC materials as well as TADF-based electroluminescence materials.
Furthermore, the cooperative analysis of visualization of triplet exciton diffusion and

quantum chemical calculation will be necessary for various opto-electronic devices.
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Chapter 4 Appendix

1. Calculation of ®isc of CzDCIT crystal

Intersystem crossing efficiency ®isc of the CzDCIT crystal was calculated as @jsc ~ 1 -
@r =95 %. As mentioned in the section 4-3-1, this approximation can be used when a
conjugated molecule has a rigid planar structure and, furthemore, its S; excitation energy
is above 2.7 eV without conical intersections.’” In the case of CzDCIT in solution, the
singlet excited state lifetime is 0.2 ns (Fig. A4-2). This short singlet lifetime is attributed
to the largely twisted molecular structure in the optimized S; (Fig. A4-3). In addition,
there is no signal of transient absorption due to very fast deactivation of S, which means
that very low value of @i is very low (Fig. A4-2). On the other hand, quantum chemical
calculations using the crystalline structure of CzDCIT were also performed. The
optimized structures of So as well as S are coplanar and, furthermore, the optimized S
has large energy (Fig. A4-4). Therefore, in the case of crystalline state, ®isc of CzDCIT

can be approximated as @isc ~ 1 - Dr.

2. Density of triplet excitons excited by focused Gaussian laser beam
Assuming that excitation is irradiated only at the position x = 0, rate equation of triplet

exciton population can be expressed as

dng, (%)

dx?

ol _ G kneo(x) + D;

10 (A4-1)

where ny(x) is one-dimensional spatial density of triplet excitons, G is the excitation

source and £ is reciprocal number of lifetime of triplet excitons. n,(x) can be expressed

as a solution in steady state as
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Nyo(x) = Nygexp(—x/Ly) (x>0)

Neo (X) = Nyoexp(x/Ly) (x<0) (A4-2)
where N, is a constant. Real one-dimensional density of triplet excitons n.(x) that is
measured under the present experimental conditions (using focused Gaussian laser beam)
can be considered as a convolution function with foy.(x) as

ne(x) = Nyoexp(—x/Ly) * fexc(x) (x> 0)

ne(x) = Neoexp(x/Ly) * fexc(x) (x<0) (A4-3)

In the following, fexc(x) is approximated by a Gaussian function.

3. Convolution function for delayed fluorescence image fitting to extract L, of
rubrene

As mentioned in Chapter 2, in the CCD camera images, I.(x) can be expressed as a
convolution of ng(x) with f,i(x) as shown in equation (4-1). Thus, assuming that
fpst(x) has a Gaussian profile, I.(x) can be expressed using equation (2-2), equation

(4-1) and equation (A4-3) as

2

202 20
/Lt+x

I.(x) = exp (zx/Lt) X erfc( o2 > + exp(_zx/Lt) X erfc( \/é?z > (A4-4)

where ¢ is the variance of foyc(X) * fpsr(x) expressed as

0% = 0%+ 0hs¢ (A4-5)
Here, 02, and Jgsf are the variances of foyc(x) and f,s(x), respectively. The value
of 02, was obtained from Gaussian fitting of the one-dimensional cross section in Fig.

4-7b. The Jgsf is calculated using equation (A2-3).

The value of 1 was taken as the singlet energy of rubrene at 532 nm.
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4. Convolution function for phosphorescence image fitting to extract Lt of CzDCIT

In the case of CzDCIT single crystal, the image of persistent RTP as shown in Fig. 4-8a
was obtained after ceasing the excitation because the fluorescence signal would
overwhelm the weak persistent RTP. Although such experimental condition is not strictly
a steady state, it was assumed that n.(x) can be still expressed using the equation (A4-
3) because the ultralong-lived triplet excitons are deactivated very slowly. By using the

equation (A4-3) and equation (4-2), I.(x) can be expressed as
0.2 2

I.(x) = exp(* /Lt) X erfc< \//EL;:x> + exp(T* /Lt) X erfc <a\//;;;x> (A4-6)

Here, the value of 02, was obtained from Gaussian fitting of the one-dimensional cross
section in Fig. 4-8b. The alfsf was calculated using the equation (A2-3) and A is

obtained from the peak of phosphorescence spectrum at 550 nm, as shown Fig. 4-3.

5. The effect of TTA on broadening of the RTP emission profile

TTA and persistent RTP are two concurring processes. TTA quenches triplet excitons via
nonradiative process, and a decrease of the intensity of persistent RTP can be caused by
TTA. It should be further noted that, as explained in Chapter 2, TTA is a bimolecular
process that will have increasing effect at high excitation intensities. Therefore, TTA
results in a saturation effect of RTP intensity upon increasing excitation intensity (Fig.
A4-9). Here, the excitation is considered as focused Gaussian laser beam and the mean
excitation intensity was set to 0.61 mW/cm?. Under such irradiation, the contribution of
TTA is strongest at the center of the excitation profile. Consequently, at the center of the
profile, diffusion length is shortened (due to the quenching by TTA) and simultaneously

the intensity of persistent RTP (of the density of triplet excitons) is saturated (Fig. 4-10).
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On the other hand, at the tail of the profile of persistent RTP, excitation intensity is less
than 0.61 mW/cm? and the RTP intensity of this part is less saturated when compared with
that at the center. The stronger saturation at the center leads to an apparent broadening of
the RTP emission profile (after normalization of the emission profiles, Figure 4-10). As a
result, these two cooperative effects can generally lead to overestimation of triplet exciton
diffusion because the profile of persistent RTP is broadened due to the saturated intensity
of persistent RTP. Therefore, under such conditions, the profile of persistent RTP should
be fitted at the tail because the density of triplet excitons at the tail is reduced and the
quenching rate of TTA is smaller. However, the overall profile of the persistent RTP of
CzDCIT is very sharp, probably due to the intrinsically very short triplet exciton diffusion
length in the CzDCIT single crystal, and it is difficult to fit the emission profile of CzDCIT
only at the tail. Here, we fitted the whole region of the emission profile, which may have
resulted in the possibility of an overestimation of the measured value of triplet exciton
diffusion length. The value of triplet exciton diffusion length and diffusion coefficient
estimated in this experiment should thus be considered upper limits of the actual values.
However, such an experimental limitation does not affect the new insight of the role of

suppressed triplet exciton diffusion in CzDCIT crystals.
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Figure A4-1. (a) Absorption spectrum of CzDCIT in THF. (b) Fluorescence spectrum of CzDCIT
crystal. Reprinted from ref. [39].
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Figure A4-2. (a) Transient absorption spectra after 0 ns and 100 ns. Pulsed excitation at 355 nm

with width of 25 ps was used. (b) Decay of transient absorption at 820 nm. Reprinted from ref.

[39].
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Figure A4-3. Energy change of Sy and S; depending on the angle between triazine and carbazole
(0) of CzDCIT by TD-DFT (Gaussian 09/B3LYP/6-31G(d)). For the Sy curve (red), after the

molecular conformation was optimized at Sy, only 0 was changed in the optimized structure. Then,

So energies were calculated for the structures at each 0. For the S; curve (blue), after the molecular

conformation was optimized with taking vibrations into considerations at S;, only 6 was changed

in the optimized structure. Then, S; energies were calculated for the structures at each 0. Reprinted

from ref. [39].
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Figure A4-4. Potential energy surface of Sy (red) and S; (blue) of dimer 1 of CzDCIT. For one
molecule in the conformation of the dimer, which is extracted from crystalline structure, the angle
between carbazole and triazine (6) of CzDCIT was changed. Then, So and S energies were
calculated for the structures at each 0 using time dependent density functional theory

(Gaussian09/B3LYP/6-31G(d)). Reprinted from ref. [39].
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Figure A4-5. Definition of dimer of rubrene (a) and CzDCIT (b). Reprinted from ref. [39].
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Figure A4-6. Weight factor related the transition from Sy to T; of rubrene (a) and CzDCIT (b).

Reprinted from ref. [39].
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Table A4-1. Calculated parameters of transfer integral, reorganization energy, transfer rate,

ke(RT)kn(RT) and diffusion coefficient.

t k
h h -2 2 -1
' o 4 (mev) 7 (meV) ' “ k xk (s) D (cms)
-1 -1 ht et t
(meV) (meV) (s) (s)
. 9 12 22
Dimer 1 348 79.25 7.10x10 2.80x10 2.0x10 o
) 11 11 22 30)(10
Dimer 2 14.38 35.87 1.21x10 5.75%x10 7.0x10
Dimer 3 26.41 -0.30 40710 395x10  16x10
Dimer 4 11.24 1.89 7_37)(]_010 1_59><109 1_2><1020
Dimer 5 26.45 -0.33 409x10  473x10  1.9x10
Dimer 6 0.10 -0.23 395.1 420.0 588x100  237x10  14x10
Dimer 7 11.19 1.88 732x10 157x10  1.2x10°
Dimer 8 0.11 -0.22 706x10°  215x10’ 1610
Dimer 9 -0.10 -2.56 61910 29310 18x10
Dimer 10 0.00 -8.12 0.00 2.94x10 0
Dimer 11 0.69 -0.08 2_78><108 2_65><106 7.6><1014
Rubrene 95.15 -47.13 166.5 2204 743x10 940x10°  7.0x10 11x10°
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Chapter 5: Conclusion and Outlook

5-1 General conclusion

The main study focus in this thesis is triplet exciton diffusion in organic molecular
materials. Triplet exciton diffusion is an important factor for not only improving the
performance of opto-electronic devices but also for determining fundamental
photophysical properties of materials. This thesis provided new information of triplet
exciton diffusion in next-generation organic molecular materials.

In Chapter 1, overall background related to triplet exciton diffusion was explained. The
study of triplet exciton diffusion in molecular crystals has long and rich history dating
back to the 1960’s, and here the major previous works were summarized, including the
introduction of methods for the measurement of triplet exciton diffusion. Considering the
recent rapid development of organic molecular materials and the prospect of molecular
opto-electronic devices, it was emphasized that the development of novel measurement
methods, as well as further understanding of triplet exciton diffusion are necessary.

TTA-based UC binary crystals composed of donor molecules and acceptor molecules
were discussed in Chapter 2. In order to overcome the difficulty in measuring triplet
exciton diffusion in polycrystalline films, the method of visualizing triplet exciton
diffusion on the basis of functionalized inorganic nanoparticles was introduced. The use
of such hybrid donor nanoparticles leads to nanoscale confinement of the generation of
triplet excitons. Such confinement which is an order of magnitude smaller than the
diffraction limit of light enables visualization of triplet exciton diffusion in polycrystalline

films without the effect of excitation scattering. It also enables to uncover the effects of
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crystal anisotropy for grain sized smaller that the diffraction limit. Compared with
conventional indirect methods, the values of the triplet exciton diffusion length L
measured by method introduced in this thesis can be considered reliable and accurate.

The objective of the study in Chapter 3 was the study of triplet exciton diffusion in
conjugated polymer nanofibers. Due to their ease of processing and their semiconducting
properties, conjugated polymers are considered promising materials for a range of opto-
electronic device applications. Among them, the use of poly(phenylene vinylene) based
conjugated polymer for triplet-triplet annihilation photon upconversion has been
demonstrated before. However, the amorphous nature of the conjugated polymer films
results in very short diffusion lengths of both singlet and triplet excitons, which in the
case of TTA-based upconversion leads to high values of the excitation threshold. To
decrease the threshold values, the use of conjugated polymer nanofibers was proposed in
this thesis. The potential factors contributing to the improvement are the decreased
dimensionality (the 1D nature of the nanofibers) and the orientation of the conjugated
polymer chains inside the nanofibers. Conjugated polymer nanofibers fabricated by
electrospinning showed high degree of orientation. Measurements of the exciton diffusion
length revealed that this orientation contributed to the enhanced the value of L in
nanofibers compared with that in spin-coated film by a factor of 1.8, and to overall
decrease in the threshold value by a factor of 3.2.

The relationship between triplet exciton diffusion and suppression of triplet quenching
in molecular crystalline materials showing persistent RTP was discussed in Chapter 4.
The rate of quenching kq of the CzDCIT crystal determined from measured temperature
dependence of overall non-radiative decay rate (kn(T)+kq(T)) was very small. This small

value of kq stemmed from short triplet exciton diffusion length L in the CzDCIT crystal.
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2)

The value of L; in a CzDCIT single crystal was measured directly by visualization in a
microscope, and the resulting small value of L was attributed to small values of diffusion
coefficient Di. The obtained D; of CzDCIT is orders of magnitude smaller than other
molecular crystals without persistent RTP. Quantum chemical calculations revealed that
small molecular orbital overlap between HOMO and HOMO, caused by orbital
localization and crystal structure, is the cause of the small value of D; in CzDCIT. This
small value of Dy (and consequently the short L) prevents triplet excitons from reaching
defect sites in the crystal or on the crystal surface, leading to the appearance of persistent

RTP (suppressed kq).

5-2 Outlook

From the above general conclusions, we would like to stress the following outlooks for

further development in the field of organic molecular materials.

Accurate and reliable measurements of triplet exciton diffusion in TTA-based solid-state
UC materials can be performed by using the method introduced in this thesis. The extent
of triplet exciton diffusion in solid-state UC materials is related to not only the value of
It but also the quantum efficiency of UC emission. Therefore, the knowledge of accurate
Lt will potentially lead to optimization of the characteristics of TTA-based solid-state
UC materials and to further development of their performance towards practical
applications.

The enhancement and control of the value of L in conjugated polymer nanofibers are
potentially useful for a range of opto-electronic devices, including TTA-based UC

materials and organic solar cells. The value of L; in the conjugated polymer used in this
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3)

thesis (super yellow) is intrinsically small in the polymer neat film, leading to only
nanoscale improvement of the value of L; in the conjugated polymer nanofibers.
However, ultralong triplet exciton diffusion can be potentially realized for a conjugated
polymer with appropriate triplet energy levels where intrinsically large L: can be
expected. In addition, as demonstrated in this thesis, lower threshold values I can be
realized by using the conjugated polymer nanofibers due to the extended L:. This strategy
could ultimately lead to the development of low-threshold amorphous-state UC
materials.

Suppressed triplet exciton diffusion is a determining factor for the appearance of
persistent RTP. Therefore, molecular design that would realize crystal structures with
small molecular orbital overlap can potentially lead to important new developments in
the field of persistent RTP. In addition, the concept of suppressed triplet exciton
diffusion can influence properties of other organic molecular materials such as TTA-

based solid-state UC materials and solid-state TADF materials.

The study performed in this thesis is of fundamental nature, and as such contributes to
the basic knowledge in the fields of organic photophysics and photochemistry. However,
its outcome may prove very important for the further development and optimization of

the above mentioned classes of molecular materials.
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