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Preface

The research described herein was conducted under the supervision of Associate Professor
Nobuhiro Yanai and Professor Nobuo Kimizuka in the Department of Applied Chemistry,
Graduate School of Engineering, Kyushu University, between April 2017 and March 2022.

This thesis should be of interest due to the unique properties of photo-excited triplet states,
especially triplet-triplet annihilation-based photon upconversion (TTA-UC), triplet dynamic
nuclear polarization (triplet-DNP) and singlet fission (SF). In the field of physics, many
phenomena related to excited triplet states have been studied. However, most of them have
been studied only fundamentally. To overcome this situation, molecular design from the
viewpoint of supramolecular systems is essential to promote the functionality. I hope my
research provides an important initial step towards the practical use of TTA-UC, triplet DNP
and SF.
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Chapter 1

Photo-excited triplet states and functions derived from their unique properties

1-1 Introduction of photo-excited triplet state

* 1-1-1 Introduction

In recent years, various functions based on the unique properties of photoexcited triplet
states have attracted much attention. Photon upconversion based on triplet-triplet
annihilation (TTA-UC),"!5 dynamic nuclear polarization based on triplet states (triplet-
DNP),'¢2 and singlet fission (SF)*2¢ are typical examples. In this thesis, we describe the

development of novel supramolecular materials that express these unique functions.

* 1-1-2 Photo-excited triplet state
Organic molecules can be in various states depending on the energy of their electrons and

the orientation of their spins (Figure 1-1).%28

LUMO
/4 Sl EE—— ISC
HOMO
4 N LUMO
T1 T —
HOMO
excitation
So

Figure 1-1. Energy diagram of photo-excited organic molecules.

In many molecules, based on Pauli's exclusion principle, the orientations of the electron
spins in the highest occupied molecular orbital (HOMO) cancel each other in the ground
state. This is called the ground singlet state and is denoted as So. When the molecule is excited
from So, an electron is located in the lowest unoccupied molecular orbital (LUMO), but since
the electron is in two different orbits, HOMO and LUMO, it can take two states depending
on the spin orientation. The state in which the spin orientations cancel each other is called
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the excited singlet state, and the lowest energy state among the excited singlet states is
denoted as Si. The state in which the spin orientations do not cancel each other is called an
excited triplet state, and the lowest energy state among the excited triplet states is denoted
as Ti. Since the excited triplet state has various unique properties as shown below, it has

attracted attention for a wide variety of applications.

* 1-1-3 Unique properties of excited triplet states

A common mechanism for the formation of excited triplet states is the intersystem crossing
(ISC) from the excited singlet state Si, since the direct transition from So to T1 is generally
forbidden and rarely occurs. The same can be said for the deactivation of T1 to So. For example,
the lifetime of phosphorescence generated by the inactivation of T1 to So is much longer than
that of fluorescence, which is the emission from Si. Thus, the long lifetime due to the
forbidden transition to So is a key feature of the excited triplet state, which has the great
advantage of holding the excitation energy for a longer time (Figure 1-2). For example, TTA-

UC process, described below, takes advantage of this long lifetime.
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Figure 1-2. Lifetime of S1 and T1
Since the transition from S1 to So is allowed, the lifetime of S1 is short, while the transition from T1 to So is

forbidden, and the lifetime of the excited triplet state is generally longer than that of the singlet state.

Furthermore, the triplet state, as the name implies, is further subdivided into three states
with slightly different energies depending on the combination of the spin orientations of the
two electrons. Such fine levels are called sub-levels, and the energy difference between sub-
levels of triplet electrons in a static magnetic field corresponds to the wavelength range of

microwaves, making ESR observation possible.?”
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Magnetism is a property derived from the spin orientation of electrons and atomic nuclei.
For example, in the energy level of iron, magnetism occurs when the electrons are arranged
so that their spins are aligned on the condensed d-orbitals. Furthermore, it is known that
oxygen molecules, which are triplet in the ground state, have paramagnetism derived from
two electrons with aligned spins as well. In the excited triplet state, magnetism is expressed
in exactly the same way as in iron and oxygen molecules, but unlike these materials, which
have magnetism in the ground state, magnetism is observed only in the excited state and is
lost by deactivation. This can be considered as a great advantage of the fact that the
magnetism can be turned on and off at will by excitation. In addition, because of the non-
equilibrium magnetism of the excited state, the spin orientation in the excited triplet state is
biased independent of temperature, unlike the equilibrium state, and this non-equilibrium

electronic spin polarization is utilized in triplet-DNP (Figure 1-3).2% %

A 000..’. ) \e)
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Figure 1-3. Electron spin polarization of Ti. Spin-selective intersystem crossing generates electron spin

polarization in the excited triplet state. This spin-polarized state is not in equilibrium and is independent of

temperature.

On the other hand, it is known that the triplet state is deactivated in the presence of
oxygen.’ 3 Oxygen molecules are known to have a triplet state To in the ground state, which
transitions to S1 and Sz upon excitation. It is known that the energy gap between To and S of
oxygen molecules is 762 nm, and that between To and Sz is 1274 nm, which are smaller than
the energy gap between So and Ti of many organic molecules.?> 33 Therefore, it is easy to
receive energy from molecules in the excited triplet state, which acts as a deactivation path
for Ti. In addition, the oxygen molecules in the excited singlet state that receive energy in

this process are highly reactive and oxidize the surrounding molecules. Because the excited
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triplet state is easily lost in the presence of oxygen molecules due to these two processes,
experiments using the triplet state are usually performed under conditions where deaeration
is used to remove oxygen or in solids where oxygen does not diffuse, where deactivation

does not occur.

As described above, the excited triplet state has various unique energetic and magnetic
properties due to its spin, and because it is an excited state, it has the advantage of being able
to be controlled by light irradiation. In the next section, we will introduce the various

functions that are possible by utilizing this property.



1-2 Photon upconversion based on triplet-triplet annihilation

* 1-2-1 Photon upconversion

Photon upconversion is a technique that converts low-energy light into higher-energy light
by collecting the energy of multiple photons. In ordinary light-emitting processes such as
fluorescence and phosphorescence, only light with lower energy than the incident energy is
emitted due to energy loss, and the conversion of light wavelength is a one-way process from
short wavelength to long wavelength. Photon upconversion, on the other hand, enables
optical wavelength conversion in the opposite direction, making it possible to control optical
energy freely and use it efficiently. Photon upconversion methods such as photon
upconversion based on triplet-triplet annihilation (TTA-UC),'"!> two-photon absorption,3 %
and multi-step excitation of rare earths®*3® are known. Photon upconversion has been
applied in a wide range of fields. For example, photon upconversion can be used to solve
energy problems such as increasing the efficiency of photocatalysts and solar cells by
expanding their usable wavelength range, and it is also expected to be applied to biological
fields such as bio-imaging, photodynamic therapy, and optogenetics by converting the
wavelength of near-infrared light, which has better penetration ability to biological tissues
than visible light. Thus, the conversion of light energy is a useful technology that can be the
basis of a wide range of fields.

An important factor in the practical application of photon upconversion is the intensity of
excitation light that can be upconverted. If we consider the use of sunlight or light
transmitted through a living body for upconversion, we will have to use excitation light on
the mW/cm? scale. However, mechanisms such as multi-step excitation of rare-earth
elements and two-photon absorption, which have been used in conventional photon
upconversion, require the use of intense excitation light on a scale more than a thousand
times larger (Figure 1-4)% 3 The reason for this is the low probability of the two-photon

absorption and the low absorption coefficients of the rare-earth elements.

(a) (b)
excitation

excitation emission o emission
excitation

Figure 1-4. (a) mechanism of two-photon absorption,(b) multi-step excitation



TTA-UC is a photon upconversion mechanism consisting mainly of donor and acceptor

components. The mechanism of TTA-UC is shown in Figure 1-5.
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Figure 1-5. Mechanism of TTA-UC
1. Generation of donor Ti by intersystem crossing (ISC) via S1 generated by photoexcitation
2. Generation of T1 of acceptor by triplet energy transfer (TET) from donor to acceptor

3. Generation of acceptor's S1 and fluorescence by TTA between acceptors in the excited triplet state

By following the three steps described in Figure 1-5, the energy of two excited singlet states
of the donor is converted to the excited singlet state of the acceptor, and the fluorescence
from the acceptor is obtained. Triplet-triplet annihilation (TTA) is one of the deactivation
processes of the excited triplet state, in which the excited singlet state S1 and the ground
singlet state So are generated by the collision of two triplet excitons. Since TET and TTA are
energy transfer processes based on the Dexter mechanism, the involved molecules must
locate sufficiently close to each other. By setting the S:1 of the acceptor higher than the S: of
the donor, it is possible to obtain light emission with higher energy than the incident light.

One of the advantages of TTA-UC is the wide variety of dyes that can be used as donor
and acceptor. By selecting the appropriate combination of donor and acceptor, upconversion
can occur at various wavelengths, making it possible to efficiently use light at various
wavelengths according to the purpose, such as near-infrared light, which is permeable to

living organisms, and ultraviolet light, which is necessary for photocatalysts.



* 1-2-2 Brief history of TTA-UC

The mechanism of TTA itself has been known since the 1960s, but at that time it was only
recognized as one of the main deactivation processes of the triplet state.?® Starting with the
report of highly efficient TTA-UC in solution systems, > 4 % 41 various donor-acceptor
combinations were reported. In addition to TTA-UC within the visible range, research has
developed into more practical wavelengths such as near-infrared light to visible light and
visible light to ultraviolet light.#2#4 In recent years, various donors have been developed with
the aim of minimizing the energy loss due to the intersystem crossing of donor and
maximizing the energy gain by UC, which has been a problem in these wavelength systems.
Molecules exhibiting thermally activated delayed fluorescence (TADEF)%+7, inorganic
material-based donors**%, and heavy metal complexes capable of direct excitation from So to
T154 % are typical examples.

Schmidt et al. reported dye-sensitized solar cells with extended wavelength range by using
TTA-UC.5¢ Hanson et al. sensitized solar cells by TTA-UC using dyes arranged on metal
oxide surfaces.’* Castellano et. al. and Monguzzi et al. have reported highly efficient
photocatalytic reactions using TTA-UC,5” % and Campos et al. have reported photo-redox
catalysis using TTA-UC.>® These are mainly applications in the energy field, but many
applications in the biological field have also been reported.

Since components that exhibit upconversion luminescence do not normally exist in living
organisms, bioimaging using upconversion materials will enable imaging with a high signal-
to-noise ratio. In addition, in the field of optogenetics, light with wavelengths shorter than
500 nm is necessary,® but these cannot penetrate biological tissues, which makes the
experimental system bioinvasive. By converting the biotransparent near-infrared light into
these shorter wavelengths using TTA-UC, these problems can be solved and a non-invasive

experimental system can be constructed.



* 1-2-3 Principle and parameters of TTA-UC

In TTA-UC, the quantum yield, which is the ratio of the number of photons originating
from UC emission to the number of incident photons, is at most 50% because TTA-UC is a
process consisting of two photons. In many papers, the quantum yield of TTA-UC, ®uc, is
multiplied by 2 to express the TTA-UC efficiency @ uc with the theoretical maximum of 100%.
@’uc is expressed as the product of the quantum yields of each process in TTA-UC as in the

following equation,? 4

Dyc' = 2®yc = [PrscPrerPrra®Proa

(equation 1)

where Qisc, Oter, @114, OF, A, and f are defined as follows, respectively

Oisc : Intersystem crossing efficiency of donor

Orter : Triplet energy transfer efficiency from donor to acceptor
@rra : TTA efficiency between acceptors in the T1 state

Dr,A : fluorescence quantum yield of acceptor

f: Probability that S1 of acceptor is generated by TTA

One of the greatest advantages of TTA-UC is that it can be used even with light as weak as
sunlight; in TTA-UC, the energy from the incident light is retained in the form of an excited
triplet state T1 of the acceptor. As mentioned above, the transition from Ti to So is forbidden
because it involves spin flipping and Ti1 has a long lifetime of us to ms. This means that the
photon energy is retained for such a long time, and hence the probability for T1 of meeting
each other within the excited lifetime is high. Therefore, in TTA-UC, fewer photons, i.e.,
lower intensity light, can be used to generate upconversion emission compared with other
mechanisms. As mentioned above, this is a great advantage for the actual application of the
photon upconversion phenomenon in various technologies.

Therefore, the most important factor in the practical application of TTA-UC is how low the
intensity of the excitation light is to obtain UC emission. The value of I is defined as an
index of the intensity of the excitation light at which @r1a = 0.5. In the low excitation intensity
region where there are few acceptors of the Ti state in the system, the UC emission intensity
is proportional to the square of the excitation intensity. On the other hand, in the region
where the excitation light intensity is sufficiently high, the UC intensity changes linearly
because there are many acceptors of the Ti state in the system and TTA is likely to occur.

These behaviors can be expressed by the following rate equations for each excited state,®" ¢2



aTp
= = Aoy — kgTD — ket Tp

Jt
(equation2 — 1)
aT,
ot = ke Tp — kiTs = vrraTi
(equation 2 — 2)
aS,
ot = 0.5fyrraTi — k;3Sa

(equation 2 — 3)
where Tp, Ta, and Sa are the concentrations of donor Ti, acceptor Ti, and acceptor Si,
respectively. a is the absorption coefficient of the donor, Iex is the excitation light intensity,
k is the rate constant of each process, and y11a is the rate constant of TTA.

Since TTA is inferior as an acceptor deactivation process in the excited triplet state in the
weak excitation light intensity region, we can assume that y,.., T% > k4T ,. By modifying the
above equation based on this assumption, we can see that Sa is proportional to the square of
the excitation light intensity, which is expressed by the following equation,

ke T
YTrTA k,{

S, =024

K|+ ke [@loxc]? o< 12y

(equation 3)
On the other hand, when the excitation light intensity is sufficiently strong, TTA becomes
the dominant process for the deactivation of the acceptor in the triplet state, and it can be

regarded as y . ATfl » kAT ,. Based on this assumption, the Sa can be described as follows:

1 2
S, =02 —|—8&
4 KD+ ker

kS alexc x lexc
A

(equation 4)
In the region where the excitation light intensity is strong, the UC emission intensity is
proportional to the excitation light intensity.
The excitation light intensity at which the equations based on the equations 4 and 5 are
equal is defined as I, and I is expressed as the following equation (Figure 1-6),%
1 1

2 2
a®rrerYrraTiy  8maoaPrrerDrijyr

I =

(equation 5)



where ao is the distance at which TTA occurs and Dr is the exciton diffusion coefficient, and
Yrra = 8may Dy for the three-dimensional diffusion system. From the above equation, we
can see that Im is highly dependent on the triplet lifetime of the acceptor. The longer the
triplet lifetime, the lower the I, which is a measure of the excitation light intensity at which
UC emission can be efficiently obtained, and the more practical the system is. In the most
efficient system, the I value is on the scale of several mW/cm?, which is about the same as

the intensity of sunlight on the ground.

Slope = 1.0

lth " 3A 3\/_9
] Slope:ZO".'.’.rg \iA_) .3\A) ‘3\A);

UCPL intensity (a.u.)

T T

1 10 100
Excitation intensity (W/cm?)

Figure 1-6. Typical excitation intensity of upconversion in a triplet-triplet annihilation-based upconversion
mechanism. In the region of slope = 2.0, there are few acceptors in the Ti state, and in the region of slope =

1.0, most of the acceptors are in the T1 state.

Thus, TTA-UC enables photon upconversion with weaker light than the conventional
method by taking advantage of the long lifetime characteristic of the triplet state and the

deactivation process called TTA, which is desired for practical use.

* 1-2-4 Deployment of TTA-UC in aqueous systems

TTA-UC is expected to be applied to a variety of aqueous systems, including bio-imaging
and photocatalytic reactions. For such applications, it is inevitable that TTA-UC must be
performed under atmospheric conditions, where oxygen coexists.

However, it is known that the triplet state is deactivated by oxygen in the presence of
oxygen. Therefore, TTA-UC is usually carried out under degassed conditions. Two main
strategies are known to prevent oxygen quenching: the first is the addition of molecules that
act as oxygen quenchers,®: ¢ 668 and the second is the use of physical barriers such as highly
viscous solvents or polymers to suppress oxygen diffusion. 3 3!

Based on the first strategy, Fuyou Li et al. succeeded in performing TTA-UC in vivo using
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nanocapsules doped with biocompatible oxygen quenchers such as oleic acid and limoneic
acid, and demonstrated the bioimaging of mice.®* Kim et al. reported TTA-UC in
hexadecane/polyisobutylene microcapsules,® ® and Monguzzi et al. reported TTA-UC in
micelles.”

However, these systems rely on molecular diffusion for the triplet state diffusion, and the

efficiency of TTA-UC is intrinsically limited by the viscosity of the solvent.
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1-3 Nuclear Magnetic Resonance (NMR) and Its Applications

* 1-3-1 Brief history of Nuclear Magnetic Resonance

In a static magnetic field, particles with spins such as electrons and atomic nuclei are
divided into those with spins parallel to the magnetic field and those with spins opposite to
the magnetic field, and their energy levels are slightly split according to their orientation.
This phenomenon is known as Zeeman splitting. Nuclear magnetic resonance (NMR) is a
resonance phenomenon between the energy levels of Zeeman-split nuclei, which was first

observed by Purcell and Bloch in 19457 72,

Magnetic field

Figure 1-7. Schematic illustration of Zeeman splitting.
In the absence of a magnetic field, the spins are randomly oriented and there is only one energy level, but in
a static magnetic field, the spins are aligned in parallel and anti-parallel to the magnetic field, and the energy

levels are split due to the orientation of the spins.

The NMR signal contains two pieces of information: one is the frequency, which
corresponds to the energy range of the Zeeman splitting, and the other is the relaxation time,
which is the timescale on which the NMR signal is decaying. Since this information depends
on the type of nucleus, the environment, and the strength of the magnetic field, it is possible
to analyze the surrounding structure of the target at the atomic level by observing and
analyzing NMR. For example, it is possible to analyze the molecular structure of a sample
by applying a uniform magnetic field to the entire sample and observing the subtle shifts
that vary depending on the environment of the nuclei, and this technique was established by
Arnold et al. in 1951 as NMR spectroscopy” Furthermore, it is possible to perform NMR
imaging by applying different magnetic fields to the sample according to space and
analyzing the relaxation time for each spatial coordinate. It is now widely used in the medical

field as nuclear magnetic resonance imaging (MRI)”.
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* 1-3-2 Magnetization transfer and multidimensional NMR

In NMR spectroscopy, the phenomenon of magnetization transfer enables us to analyze
not only the information surrounding the nucleus to be measured, but also the interaction
between the nuclei. Magnetization transfer is a phenomenon in which radiofrequency
irradiation causes an exchange of energy corresponding to the Zeeman splitting width
between nuclei through magnetic interaction (Figure 1-8). The mechanism of magnetization
transfer is known as the nuclear Overhauser effect (NOE)” and cross polarization (CP)” 77,
but they all have one thing in common: for magnetization transfer to occur, the nuclides must
be in close proximity on the scale of a few A. In other words, it is possible to discriminate
between nuclei in close proximity by observing the magnetization transfer, and this

technique has been applied as multidimensional NMR.”7°

ppm

S
-
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Figure 1-8. Typical two-dimensional NMR spectrum. The detection of cross peaks allows for more detailed

structural analysis.

In 1986, Wuthrich et al. applied NMR spectroscopy to protein structure analysis, and NMR
spectroscopy became a powerful tool in the field of molecular biology.®’ X-ray diffraction is
widely used as a method for analyzing protein structures, but it only analyzes the structure
in the crystalline state. On the other hand, structural analysis by NMR can be performed even
in aqueous solution, making it possible to analyze protein structures in an environment
closer to that of living systems. A further development is in-cell NMR, which was developed
by Détsch and his group in 2001.8! Since in-cell NMR can analyze proteins in their active
state, it can provide clues to the analysis of complex information networks composed of
proteins in the cell. In-cell NMR is expected to provide clues to the analysis of complex
information networks consisting of intracellular proteins. In particular, since the late 1990s,

when the dynamic behavior of naturally denatured proteins, which do not have a specific
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higher-order structure, was considered to be involved in the expression of more advanced
cellular functions, there has been a strong demand to analyze the behavior of naturally
denatured proteins using this technique. There is a strong need to analyze the behavior of
naturally denatured proteins using this technique.®? Thus, protein analysis by NMR has a
great advantage over other analytical methods in that it allows us to see the behavior of
proteins in their natural state, and it can be a very powerful tool for contributing to the

development of molecular biology.

* 1-3-3 Nuclear Magnetic Resonance Imaging (MRI)

MRI is a technique for non-destructive and detailed imaging of the interior of a sample
using NMR. In MR], a spatially inhomogeneous magnetic field is used to relate the Zeeman
splitting width to spatial coordinates for imaging. The NMR signal contains not only the
frequency but also the relaxation time, which varies depending on the environment in which

the nucleus is placed, such as the structure of biological tissue (Figure 1-9).

V7 /) /)
/) / / 1H IH ili'

Figure 1-9. Schematic illustration of MRI. In MRI, NMR signals are observed for each coordinate using the
difference in Zeeman splitting width caused by the inhomogeneous magnetic field. The state of the tissue is

determined from the difference in relaxation time at each coordinate.
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* 1-3-4 Polarizing ratio
The sensitivity of NMR depends on the difference in the number of nuclear spins in the

same direction as the magnetic field and those in the opposite direction. (Figure 1-10)

|

/) / 1/
:IH/: lH/ lH/ lH/ A 1H w)w 1H) IH) H J \;
Low polarizing ratio High polarizing ratio
Low NMR sensitivity High NMR sensitivity

Figure 1-10. Relationship between polarizing ratio and NMR signal intensity. At low polarization ratio, the
intensity of the NMR signal is weak, and the NMR signal intensity can be enhanced by increasing the

polarizing ratio.

This value is called the polarizing ratio, and the polarizing ratio at thermal equilibrium
condition, P, can be expressed using temperature T, magnetic field B, and gyromagnetic

ratio v, as in the following equation,!8

v o) -en(BD) e
mTNTHN L exp(ghT?)Jrexp(_}Z/hT?) 2kT

(equation 6)
where N T and N | are the populations of the eigenstates | +% > and | —% >, h is Dirac's
constant and k is Boltzmann's constant. The polarizing ratio of !H nuclei at room temperature
is known to be very low, less than one part in 100,000, and that of 3C nuclei is even lower,
with the natural abundance of the nucleus itself being as low as 1%, making detection
difficult and requiring a large amount of integration. To solve this problem, *C NMR use the
transfer of magnetization from 'H to *C to increase the polarizing ratio and reduce the
number of integration steps, thereby shortening the measurement time. However, since the
polarization ratio of 'H itself is low, a fundamental solution has not been reached. This
problem is also inherent in MRI, and only 'H nuclei of water molecules, which exist in large

quantities in living organisms, are used for practical imaging.
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* 1-3-5 Dynamic Nuclear Polarization (DNP)

Dynamic nuclear polarization (DNP) is a method of NMR sensitization by increasing the
polarization of nuclei through the transfer of magnetization from highly polarized electrons
to nuclei by microwave irradiation. The existence of the Overhauser effect was theoretically
predicted in 1953 and demonstrated by Craver and Slichter within the same year.?® The
magnitude of the polarizability depends largely on a particle-specific value called the
gyromagnetic ratio. The gyromagnetic ratio of a nucleus is the largest at the 'H nucleus, but

the gyromagnetic ratio of an electron is approximately 660 times larger than that of the 'H

nucleus (Figure 1-11).

% proton
electron

-

~

— 10 5

+ ]

©

o

4&; @

o 660 times
o0 0.1+

£ ]

N

-

© 001+

[e]
Q <4

0.001 T T T
0.1 1 10 100

Temperature (K)

Figure 1-11. Polarizing ratio of proton and electron at thermal equilibrium state in a typical 500 MHz NMR
spectrometer (11.7 T).

The use of dissolution-DNP, developed by Larsen et al. in 2003, has greatly expanded the
range of applications of DNP.3 This method involves freezing the polarizing agent and the
polarization target, transferring the polarization by DNP, and then rapidly thawing them to
a solution state. In this way, highly polarized materials can be obtained even in the solution
state, and DNP can be used to increase the sensitivity of solution NMR and MRI.8>8¢

On the other hand, there are several problems with the conventional method of DNP. The
occupation numbers of electrons and nuclei in the Zeeman level follow the Boltzmann
distribution, i.e., the polarization ratio is affected by temperature. Therefore, if we want to
increase the polarization ratio by biasing the occupation number in the thermal equilibrium
state, we need a cryogenic state, which is a practical problem because it requires a large-scale

apparatus. In addition, the theoretical limit of sensitivity for DNP using electrons in thermal
16



equilibrium is 660 times for !H nuclei. In addition, in order to increase the nuclear
polarization by the transfer of magnetization from electrons to nuclei, the sum of the
quantum numbers of the electron spins of the polarizing agent molecule must not be zero.
In other words, the polarizing agent molecule must have unpaired electrons and be a
paramagnetic species. In general, stable radicals such as TEMPO and its bound TOTAPOL
are used as polarizing agents in DNP.%” The free induced decay(FID) signal in NMR is
expressed as follows,
S(t) =S, cos(a)ot)e_%z
(equation 7)
where wo is Larmor frequency, 12 is the spin-spin relaxation time, which corresponds to
the time when the coherence of the magnetization vector (the sum of the vectors of the
nuclear spins in the system) is maintained. Fourier transforming this equation yields a
Lorentzian spectrum of the form,

A

@) = @ =gy
(equation 8)

where the line width of the spectrum is expressed as 24 = Ti Therefore, as T2 becomes
2

shorter, the line width of the NMR spectrum increases. This causes problems such as

difficulty in discriminating peaks and the inability to observe peaks.®

17



* 1-3-6 Dynamic nuclear polarization using excited triplet state (triplet-DNP)

As an innovative DNP method that solves these problems, the dynamic nuclear
polarization method using excited triplet state (triplet-DNP) devised by Deimling et al. in
1980 has recently attracted attention.” In triplet-DNP, molecules in the excited triplet state
are used as the polarizing agent instead of radical in the thermal equilibrium. In some
molecules, such as pentacene, the number of occupied Zeeman levels in the excited triplet
state is biased, and in triplet-DNP, this electronic spin polarization is transferred to the

nuclear spin by the transfer of magnetization (Figure 1-12).

Electron spin Nuclear spin
Microwave
Sy=—=, B bbb 3
bt . e o e e — )
s “ § 4 i g —_— 42
T 4 ©OOO® 1H) GH) 2H) CH) p——— 14 w 1H) H) 2H) H;
Laser 1 ----- — ‘%&L N
| 2 Accumulation
So
» Target molecules i { DNP
Polarizing agent ?_, J L

Figure 1-12. Mechanism of triplet-DNP

1. Generation of T1 in the polarizing agent by intersystem crossing via S1 generated by optical excitation.

2. Transfer of magnetization from the electron spins of the polarizing agent molecule to the nuclear spins of
the polarization target by microwave irradiation.

3. Accumulation of polarization by repeating the above two processes.

Since the Zeeman order is equal between homogeneous nuclei, diffusion of the

polarization state occurs, and by repeating this step, the entire system can be polarized.
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* 1-3-7 Parameter of triplet-DNP
In the process of polarization accumulation by triplet-DNP, the following differential
equation is established, taking into account the build-up time constant Ts, which is the
efficiency of accumulating the polarization, and the spin-lattice relaxation time T1, which is
a measure of the time in which the polarization can be retained.”

dPy(t) 1
dt Ty

1
[P = Pu(®)] + 7

_1[PH(t) _Pcherm ]

(equation 9)

The final polarization ratio in the system achieved by triplet-DNP is shown in this equation.

Py(t) = P¢ {1 —exp [— <% + Tll)] t}

(equation 10)
and P; is defined by this equation. (Figure 1-13)

Pf=

(equation 11)
This expression is valid under the fast diffusion limit where the polarization diffusion is

sufficiently fast.!8
80+

70 n = ]
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Figure 1-13. An example of build-up behavior.
The final enhancement factor is determined by the spin-lattice relaxation time (T:), which is a measure of

the ease of maintaining the polarized state of the sample, and the build-up rate (Ts), which is a measure of

the efficiency of DNP.
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The enhancement factor ¢, which is the degree of signal enhancement, is expressed as

follows,

_ Nyer Tpnp 9rer Epnp

B Npnp Trer 9onp Erver
(equation 12)
where N is the number of proton nuclei present in the system, T is the temperature, g is the
receiver gain, and E is the recorded voltage.

In addition, this technique generally uses cross polarization (CP) as a principle for the
transfer of polarization from electrons to nuclei. The magnetic field on each nucleus in the
rotational coordinate system can be adjusted by varying the intensity of the radiofrequency
irradiation that resonates with each nuclide. At this time, as shown in the following equation,
by adjusting the intensity of the radiofrequency irradiation so that the chapter frequencies
(Rabi frequencies) of the two nuclei in the rotational coordinate system coincide, the
polarization diffuses in the same way as between homogeneous nuclei, and the

magnetization can be shifted. The intensity condition is called the Hartmann-Hahn condition,

wy =B1y1 =w; = Byy;

(equation 13)
where w1, w2 is the Rabi frequency, y1, )2 is the gyro magnetic ratio, and Bi, B2 is the magnetic
field of nuclei 1 and 2, respectively.

For the transfer from electron to nucleus in Triplet-DNP, the method of integrated solid
effect (ISE) or called as integrated cross polarization (ICP) is used for polarization transfer
from electron to nuclei. In this method, the Hartmann-Hahn condition is satisfied between
the Rabi frequency of the electron spins and the rotational frequency of the nuclear spins in

the static magnetic field (Larmor frequency), which is expressed as follows,

Weffe = WoH
(equation 14)
where wefpe = \/m is the effective magnetic field strength of the electron spin, w4,
is the Rabi frequency of the electron spin, and Aw, is the offset frequency. The electron spins
are broadened by the interaction with the nucleus, as shown by the ESR signal, and only a

part of the electron spins with matching frequencies can undergo the polarization transfer.
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To solve this problem, a method of sweeping the static magnetic field has been used.”>* The
sequence of triplet-DNP is as follows: after laser irradiation, microwaves resonating with
electron spins are irradiated under the Hartmann-Hahn condition, and the static magnetic

field is swept simultaneously (Figure 1-14).

/l—l )
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Figure 1-14. A typical DNP sequence.
After generating the excited triplet state by laser irradiation, the electron spin polarization is transferred to
the nuclear spin by microwave irradiation with magnetic field sweep. After repeating this operation many

times, the enhanced NMR signal is observed.

One of the greatest advantages of triplet-DNP is that the polarization of the electron spins
in the triplet state, which is the source of the polarization, does not depend on the magnetic
field or temperature (Figure 1-15). It is known that the mechanism of the generation of
electron spin polarization in the triplet state is due to the difference in the speed of the
intersystem crossing from Si to higher excited states such as T2 and T3.* Since the generation
of electron spin polarization is a non-equilibrium process, it does not follow a Boltzmann
distribution, unlike the electron spin of radicals. In 1990, Wenckebach et al. achieved 5,000-
fold sensitization of NMR signals in pentacene-doped naphthalene crystals, and more
recently, by doping pentacene in deuterated p-terphenyl crystals, a very large polarizing
ratio of 30% was achieved at room temperature.!6 2

Another advantage of triplet-DNPs is that broadening of NMR due to paramagnetic
relaxation can be suppressed. As mentioned above, in conventional DNP, paramagnetic
species such as radicals are used as the polarizing agent. Therefore, paramagnetic relaxation
of the polarized state always occurs in the system, resulting in broadening of the signal. On

the other hand, in triplet-DNP, the excited triplet state, which is the polarizing agent, has a
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microsecond lifetime and is immediately deactivated to the ground singlet state, losing its
magnetism. Therefore, the magnetic relaxation is minimized not only during the

measurement but also during the accumulation of the polarization.
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Figure 1-15. Polarizing ratio of electron of triplet state and proton and electron at thermal equilibrium state

in a typical 500 MHz NMR spectrometer (11.7 T).

Thus, triplet-DNP can achieve high NMR sensitivity under conditions that are impossible
with conventional methods, such as room temperature and low magnetic field. This
advantage is essential for the wider application of DNP technology, and it is highly desirable
to use this technique to highly polarize a variety of objects. In recent years, examples of the
application of DNP have been reported, such as a system in which 5-fluorouracil with a F
nucleus is doped into a glass solid as a polarization target, and a system in which pentacene
is incorporated into metal-organic framework (MOF), a porous solid in which the

introduction of a polarization target guest is relatively easy.!%

* 1-3-8 Necessity of Application of Triplet-DNP in Water

The triplet-DNPs can be used to increase the sensitivity of NMR signals at room
temperature without broadening by using the microsecond triplet lifetime of the excited
triplet state and the non-equilibrium electron spin polarization between triplet sublevels. The
application of triplet-DNPs is expected in fields such as protein behavior analysis and
bioimaging using MRI.

As mentioned above, multidimensional NMR can be a very powerful tool for analyzing
the higher-order structure of proteins. On the other hand, due to the low sensitivity of NMR,
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long measurement times of several hours or even a day are currently required, which may
lead to degradation of proteins and cells, and makes it difficult to analyze dynamic behavior
through time-resolved measurements on the millisecond scale. In addition, it is difficult to
analyze the dynamic behavior of proteins by time-resolved measurements on the millisecond
scale. Using triplet-DNP to enhance NMR signals at room temperature would solve this
problem and enable the analysis of the dynamic behavior of proteins in water and in cells,
which is expected to bring great progress in these fields.

The problem of low NMR sensitivity is also prominent in MRI, and practical imaging is
limited to the 'H nuclei of water molecules, which exist in large quantities in the body. If
DNP can be used to increase the sensitivity, it will not only provide clearer images, but also
make it possible to image substances in the body other than water. For example, if pyruvate
and its metabolites used in metabolic reactions in the body can be identified and imaged by
each chemical shift, it will be possible to comprehensively track metabolic reactions in the
body. This will allow for more multifaceted analysis, such as identifying areas of active
metabolism, for example, cancer tumors.” Thus, it can be said that MRI has the potential to
be more than just a non-destructive imaging technique, but also a revolutionary medical tool
that can scan various substances in the body and detect abnormalities.

On the other hand, conventional DNP, which uses electrons in thermal equilibrium as a
polarizing agent, requires the cryogenic temperatures of about 1 K to generate polarization,
which requires a large and expensive device. Because of this problem, the application of DNP
in the field of biology has been severely limited. If the dissolution-DNP described above can
be performed at higher temperatures, such equipment will not be necessary, and the method
will become more general. In this respect, there is a strong need to use triplet-DNP, which
can achieve high sensitivity regardless of temperature. Furthermore, if triplet-DNPs can be
used to achieve high polarization at room temperature, the process of freezing itself becomes
unnecessary. This eliminates the need to dissolve the hyperpolarized material and inject it
into the measurement target, which is conventionally done with dissolution-DNP. In other
words, DNP can be performed in living cells or even in vivo.

Thus, triplet-DNP is expected to be applied in the field of biotechnology. On the other
hand, due to the insolubility of the pentacene derivative, which is the common polarizing
agent, in water, most research has been conducted using organic solids in which the
polarizing agent is dispersed. There has been limited examples of polarizing water
molecules.”” Despite the importance of the expected applications, this field remains largely

unexplored.
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1-4 Singlet Fission

* 1-4-1 introduction of singlet fission
While photo-excited triplet states is usually populated by ISC from Si in the ns time scale,
itis possible to produce an excited triplet state in much shorter time scale by a process called
singlet fission?*2¢. This is a phenomenon in which a dye in the Si state forms a TT dimer
consisting of two triplet states with the surrounding dye in the ground state, resulting in two

molecules in the Ti state, corresponding to the reverse process of TTA.

* 1-4-2 brief history
The existence of singlet fission itself was proposed in 1965, and was also used in 1969 %
100 as a reason for the low fluorescence quantum yield in tetracene crystals. The application
of singlet fission to photovoltaics, which will be discussed later, was proposed in 19791°! and
20062, and it has attracted a great deal of attention since then, mainly for its application in

the energy field through the 2010s.

* 1-4-3 Mechanism of singlet fission

The process of singlet fission can be roughly divided into the following two steps. The
general condition for the formation of TT dimers is that the energy gap between S1 and So
must be at least twice as large as the energy gap between T1 and So. Molecules with an acene
backbone, such as pentacene 1%-1% and tetracene 1 11, are typical examples of molecules that
satisfy this energetic condition. The resulting TT dimer is in a triplet state as an individual
molecule, but as a dimer of two molecules coupled together, it has a singlet character and
can be regarded as a transition process from singlet S1 to singlet TT dimer. Therefore, it can
be treated as a kind of spin permissive transition, which is known to occur earlier than spin
forbidden processes involving spin reversal, such as intersystem crossing. The competition
with the recombination can also affect the quantum yield of Ti after singlet splitting !'!. The

TT dimer then splits from the singlet through the quintet into two Ti1 (Figure 1-16). 112119

S1+So5 (TS S(IT) ST+ Ty
(equation 15)
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Figure 1-16. Schematic illustration of singlet fission

After the excited singlet state of a single molecule is passed through the TT dimer in the singlet and quintet

states, the excited triplet state of two molecules is generated.

Since singlet fission is a picosecond process, pump-probe transient absorption
measurements with high time resolution have been used for the characterization.'?2> The
absorption spectra derived from various excited states are detected by subtracting the
absorption spectra with and without excitation light, and it is possible to confirm that singlet
fission is occurring from the decay of the peak derived from S: and the generation of the peak
derived from Ti. The TT dimer in the singlet state has no magnetism, but the TT dimer in the
quintet state and the final T1 state have magnetism because the sum of the spin quantum
numbers is not zero, and the occurrence of singlet fission can also be observed using electron

resonance (ESR) spectroscopy (Figure 1-17).112-119
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Figure 1-17. Example of a time-resolved ESR spectrum of a material showing singlet fission.

The characteristic feature is that in addition to the peak from triplet, the peak from quintet is observed.

* 1-4-4 Application of singlet fission

Since singlet fission is a very fast process, T1 can be obtained from Si1 before deactivation.!
In addition, if we take into account the fact that two T1 can be obtained from a single photon,
the quantum yield can be as high as 200%.1?> 12¢ Since the quantum yield of Ti in singlet
fission far exceeds the conventional theoretical limit, it can be regarded as a method for
efficiently utilizing the energy from Ti, and is actually attracting attention in the fields of
photovoltaics!?2 127131 and OLED'®. In photovoltaic power generation, energy in excess of the
band gap of the semiconductor is lost as heat, resulting in a loss during energy conversion.
For this reason, the energy conversion efficiency limit of conventional photovoltaics is 33%,
which is known as the Shockley-Queisser limit.!* In singlet fission, light with energy more
than twice the band gap can be used efficiently, and the Shockley-Queisser limit becomes
44%,3* which is a significant improvement over the conventional theoretical limit. In
addition, in the OLED field, singlet fission from the electrically excited Si state can be used
to efficiently generate T1 and increase the quantum efficiency.

Thus, by designing a system that focuses on singlet fission, which is one of the triplet
generation processes, the quantum yield of the excited triplet state can be expected to be
greatly improved. Therefore, it is a notable advantage that various functions based on the

triplet state itself can be made more efficient by using the singlet fission.
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1-5 Overview
In this thesis, we focus on various optical functions related to the excited triplet state and

try to solve various problems by incorporating these functions into supramolecular materials.

Chapter 2 describes the TTA-UC from visible light to UV light based on supramolecular
assembly under practical conditions of air-saturated water. We designed an amphiphilic
acceptor with fluorescence in the UV region and co-assembled it with a fatty acid in water to
make a dense structure that suppresses the diffusion of oxygen. To this aggregate, a donor
with absorption in the visible region were added to form a ternary supramolecular aggregate.
By irradiating the aggregate with a visible laser at 445 nm, upconversion emission was
observed around 390 nm in the UV region. This emission was stable for more than one hour

even in a sample prepared under atmospheric conditions.

Chapter 3 describes the first example of nuclear spin polarization of water molecules by
using the electron spin polarization generated by SF. The aggregation state of the polarizing
agent molecules was controlled in various ways in aqueous solvents using supramolecular
chemistry approach, and their SF properties were evaluated using pump-probe transient
absorption and time-resolved ESR measurements. We have succeeded in enhancing the
NMR signal of water molecules more than several tens of times by using the electron
polarization of SF-generated triplet as well as quintet state. In the DNP using the quintet
state, the high Rabi frequency of the quintet was utilized to drive the DNP at a weaker

microwave power than that of ordinary triplet-based DNP.

27



1-6 Conclusion

In this chapter, we have described the unique properties of photoexcited triplet states and
various functions that utilize them. The application of these functions can bring about
significant progress in various fields, such as the highly efficient use of optical energy and
bioimaging. On the other hand, these functions require multiple components to appear in
the system and their assembly structures to be controlled. In this paper, we focus on the
supramolecular chemistry approach to assemble multiple molecules and describe the
development of supramolecular functional materials exhibiting various functions of the

excited triplet state.
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Chapter2

Visible-to-UV photon upconversion in air-saturated water by multicomponent co-assembly

Abstract :

Air-stable, visible-to-UV photon upconversion based on triplet-triplet annihilation (TTA-
UC) in water has been an outstanding issue despite its importance in a wide range of
applications. This is achieved by giving oxygen barrier property to cationic acceptor self-
assemblies through an ion complex formation with anionic fatty acids, i.e, supramolecular

crowding.

License ID 1171445-1
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2-1 Introduction

The efficient utilization of solar energy is the key to solve current energy problems. Water-
splitting photocatalysts can convert solar energy into molecular hydrogen, which is
anticipated as a clean energy source. Highly efficient water-splitting reactions occur under
the illumination of ultraviolet (UV) light, however, the portion of UV light is limited to only
ca. 5% in whole solar irradiance.! Therefore, the visible (vis)-to-UV photon energy conversion
is expected to expand the available wavelength range for the water-splitting photocatalysis.
Photon upconversion (UC) is a method to convert lower-energy photons to higher-energy
photons by combining the energy of multiple photons. For solar energy applications, photon
upconversion based on triplet-triplet annihilation (TTA-UC) is particularly promising since
it can operate under low-intensity light comparable to sunlight.?? As summarized in Fig. 2-
1, TTA-UC is composed of two kinds of chromophores, a donor (triplet sensitizer) and an
acceptor (emitter). Donor triplets are generated via intersystem crossing (ISC) from photo-
excited singlets. Triplet energy transfer (TET) from the donor to the acceptor populates
acceptor triplets. Two acceptor triplets generate a higher-energy singlet state of the acceptor
through TTA, which results in the upconverted delayed fluorescence. As noted, the vis-to-
UV TTA-UC is expected to boost the efficiency of photocatalytic reactions.?3° However,
TTA-UC has a fatal problem that the photo-excited triplets are easily quenched by molecular
oxygen dissolved in water. The common strategy to avoid the oxygen quenching is to employ
viscous droplets or polymers,> 4 4 which inevitably makes the diffusion of large TTA

chromophores slow.
(1) @
TET TTA

S, T, % ‘ (3)
L £ 1) ucemission

BDonor Acceptor

Figure 2-1. An outline of the TTA-UC process.
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As an alternative strategy, we have reported that the self-assembly of amphiphilic
chromophores enables TTA-UC even in air-saturated water.!> 4244 In this mechanism, TTA-
UC occurs via triplet energy migration in densely self-assembled chromophore arrays and is
not dependent on the conventional molecular diffusion. The high oxygen blocking ability
was achieved by co-assembly of cationic amphiphilic acceptors with anionic fatty acids,
which increased the molecular density around the chromophores, so-called supramolecular
crowding.* Meanwhile, the demonstration of this strategy has been limited to the model vis-

to-vis (green-to-blue) TTA-UC.

WN Visible excitation

/\/\,.f\/\/‘

Acceptor Al

Upconverted
UV emission

;; &
S Co-assembly
in water L.
Donor : Firpic % :
O

/\/\/\/\)’\o- o
AN 2

Sodium decanoate

Figure 2-2. Schematic illustration of supramolecular system for air-stable aqueous vis-to-UV TTA-UC.
Cationic acceptor A1, donor Flrpic, and anionic sodium decanoate (Dec) form aqueous co-assemblies with

oxygen blocking ability.

Here, we report the first example of air-stable vis-to-UV TTA-UC in water by generalizing
the supramolecular design concept. We designed a novel UV-emitting bola-type amphiphile
A1 in which a p-terphenyl chromophore was introduced as an acceptor to pursuit vis-to-UV
TTA-UC (Figure 2-2).3! Alkyl chains and quaternary ammonium groups are attached to the
p-terphenyl skeleton as hydrophobic spacers and hydrophilic groups, respectively.
Following our successful design for air-stable green-to-blue TTA-UC,* the cationic A1 was
co-assembled with anionic decanoate (Dec) whose alkyl chain length is close to the alkyl
spacer of Al. By introducing a visible light absorbing triplet donor Flrpic,* the ternary co-

assemblies showed a stable vis-to-UV TTA-UC even in air-saturated water.
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2-2 Experimental section

- 2-2-1 Materials.

All reagents and solvents for synthesis were used as received without further purification
otherwise noted. 4-bromophenol, 1,4-phenylenediboronic acid, tetrakis
(triphenylphosphine) palladium(0), and trimethylamine (ca. 25% in ethanol) were purchased
from TCI, sodium hydride (60 % oil dispersion) and Na2SOs was purchased form Wako, and
potassium carbonate was purchased from KISHIDA.

All reagents and solvents for measurement were used as received without further
purification. Bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(III) (FIrpic) was
purchased from Sigma-Aldrich. Sodium decanoate (Dec) was purchased from TCI Analytical
grade methanol was purchased from Wako Pure Chemical and deionized water was
generated by Direct-Q UV (Merck Millipore). For sample preparation of TTA-UC
measurements, all the solids (A1, Flrpic and Dec) were first dissolved in methanol. After
evaporating methanol, deionized water was added, and the aqueous dispersions were
generated via ultrasonication and heating. The deaeration of the aqueous dispersion was

conducted by repeated freeze-pump-thaw cycles.

+ 2-2-2 Characterizations.

'H NMR (400 MHz) spectra were measured on a JEOL JNM-ECZ 400 using TMS as the
internal standard. Elemental analysis was conducted by using Yanaco CHN Corder MT-5 at
the Elemental Analysis Center, Kyushu University. UV-vis absorption spectra were recorded
on JASCO V-670 and V-770 spectrophotometers. Luminescence spectra were measured by
using an FP-8300 fluorescence spectrometer. The absolute fluorescence quantum yield was
measured in an integrating sphere using a Hamamatsu Photonics absolute quantum yield
measurement system. Dynamic light scattering (DLS) and zeta potential measurements were
carried out by using a Malvern Nano-ZS ZEN3600. Scanning electron microscopy (SEM)
images were measured by using a HITACHI FE-SEM SU9000. The supramolecular

dispersion was cast on the carbon-coated cupper grid and dried in air.
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+ 2-2-3 TTA-UC measurements.

For TTA-UC emission measurements, a diode laser (445 nm, 75 mW, RGB Photonics) was
used as the excitation laser source. The laser power was controlled by combining a software
(Ltune) and a variable neutral density filter and measured using a PD300-UV photodiode
sensor (OPHIR Photonics). The laser beam was focused on the sample using a lens. The
diameter of the laser beam (1/e?) was measured at the sample position using a CCD beam
profiler (5P620, OPHIR Photonics). The typical laser size was 3.93x10* cm?2. The emitted light
was collimated by an achromatic lens, the excitation light was removed using short pass
filters (425 nm and 400 nm), and the emitted light was again focused by an achromatic lens
to an optical fiber connected to a multichannel detector (MCPD-9800, Otsuka Electronics).
UC Photoluminescence decays of Al were measured using a UNISOKU TSP-2000 system.
The TTA-UC efficiency (100% is set as a maximum) was measured by using an absolute
quantum yield measurement system specially built by Hamamatsu Photonics. The sample
was held in an integrating sphere and excited by the laser excitation source (445 nm, 75 mW,
RGB Photonics). The scattered excitation light was removed using a 420 nm short-pass filter
and emitted light was monitored with a multichannel detector. The spectrometer was

calibrated including the integration sphere and short-pass filter by Hamamatsu Photonics.
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* 2-2-4 Synthesis of acceptor
Scheme 2-1. Synthesis of Acceptor (A1)

HO, ’OH Pd(PPh3)s, K2CO3
O s - OO
HO QOH

Methanol 1

Bra S
Br

Nt O\/\/\/\

o B Br
O
DMF 2
|
AN

—\|+ O\/\/\/\ P
— o OO0

Ethanol A1

* 2-2-4-1 Synthesis of 1

A dispersion of 4-bromophenol (519 mg, 3.0 mmol), 1,4-phenylenediboronic acid (166 mg,
1.0 mmol), potassium carbonate (829 mg, 6.0 mmol), and tetrakis (triphenylphosphine)
palladium(0) (60 mg, 0.052 mmol) in 5.0 ml methanol was heated by microwave at 80 °C for
12 h. The resulting dispersion was washed several times with ethyl acetate and water, dried
over anhydrous Na:2SOs. The solvent was removed under reduced pressure, and the product
was purified by silica gel column chromatography (Hexane/THF = 1/1). The product was
purified by recrystallization in acetonitrile to give colorless crystals of 1. (yield: 46 %).

'H NMR (400 MHz, DMSO-ds, TMS standard): d (ppm) = 6.86-6.84, (d, 4H), 7.52-7.50, (d,
4H), 7.61, (s, 4H), 9.53, (s, 2H).

* 2-2-4-2 Synthesis of 2
1 (50 mg, 0.19 mmol) was placed in a 100 ml flask under N2, and 15 ml of dehydrated DMF
was added. The solution was stirred at 0 °C under N2, and then sodium hydride (28 mg, 1.15
mmol) was added. After 30 minutes, 1,6-dibromohexane (464 mg, 1.9 mmol) was added and
stirred at 65 °C for a day. The resulting dispersion was washed several times with chloroform
and water, and the organic layer was condensed by evaporation. Methanol was added into
this dispersion and filtered. Resulting solid was recrystallized in toluene to obtain colorless
crystal of 2 (yield: 63 %).
H NMR (400 MHz, CDCls, TMS standard): d (ppm) = 1.93-1.81, (m, 8H), 3.45-3.42, (t, 3H),
4.03-4.00, (t, 3H), 6.99-6.96, (d, 4H), 7.57-7.54, (d, 4H), 7.60, (s, 4H).
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* 2-2-4-3 Synthesis of A1l

2 (30 mg, 0.051 mmol) was dispersed in 5 ml of trimethylamine ethanol solution. The
dispersion was heated by microwave at 80 °C for 24 h. The resulting dispersion was dried by
evaporation and dispersed in hot methanol. The dispersion was filtered and the filtrate was
evaporated to obtain A1 (yield: 88 %).

'H NMR (400 MHz, methanol-ds, TMS standard): d (ppm) = 1.42-1.35, (m ,4H), 1.57-1.49,
(m, 4H), 1.80-1.71, (m, 8H), 3.03, (s, 18H), 3.97-3.94, (t, 4H), 6.91-6.89, (d, 4H), 7.49-7.47, (d,
4H), 7.52, (s, 4H).

Elemental analysis for C72Hi110BraN4Os: calculated (%) H 7.75 C 60.42 N 3.91 ; found (%) H
7.81 C60.47 N 3.78.
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2-3 Results and discussion

* 2-3-1 Characterization of A1 in molecularly dispersed state
The new amphiphilic acceptor A1 was synthesized and characterized by 'H NMR and
elemental analysis (Scheme 2-1). A1 was molecularly dispersed in methanol, as confirmed

by its concentration dependence of absorption spectra (Figure. 2-3).
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Figure 2-3. (a) Concentration-dependent UV-vis absorption spectra of Al in methanol ([A1] =0.25-0.002 mM
in methanol). (b) The absorbance of Al at 293.5 nm at different concentrations. The fitting result is shown as
a red line according to the following equation, y = Ax+B. The observed linearity supports the molecularly-

dispersed state of A1 in methanol in the examined concentration range.
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The molecularly-dispersed Al in methanol ([A1] =0.25 mM) showed a fluorescence peak
at 358 nm (Figure. 2-4) and a fluorescence quantum yield of 86%.
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Figure 2-4. UV-vis absorption and fluorescence spectra of Al in methanol ([A1] = 0.25 mM, Aex = 241 nm).

44



* 2-3-2 Formation of supramolecular co-assembly of A1, Flrpic and Dec

To form the vis-to-UV upconverting ternary molecular system, A1 was co-assembled with
FlIrpic and Dec. The three components A1, Flrpic and Dec were mixed by dissolving in
methanol and the ternary mixture was obtained by removing the solvent under reduced
pressure. After adding water, the ultrasonication and heating treatment of the mixture gave
a pale-yellow translucent dispersion (Figure 2-5, [A1] = 10 mM, [FIrpic] = 100 uM and [Dec]
= 80 mM). The appearance of this Al1-FIrpic-Dec ternary dispersion is totally different from
aqueous Dec and A1 (Figure 2-5). Since the concentration of Dec is below its critical micellar
concentration (cmc) of 86 mM, Dec provided a transparent solution.*® A1 was poorly soluble
in water, and some precipitates were observed. This result suggests that Al by itself is not
suitable for UC measurement in water, and improvement of dispersibility is required. On
the other hand, a stable dispersion was obtained when Dec (80 mM) was added in excess as
compared to the concentration of Al (10 mM). Apparently, the co-assembly of A1 with Dec
through electrostatic and hydrophobic interactions improved the dispersibility of Al in
water.

In the previous study, four hydrophilic functional groups were modified on the acceptor
dye#, while in this study, only two hydrophilic functional groups were modified at the para-
position from the viewpoint of maintaining the luminescent properties of the dye, and the
acceptor alone had low solubility. These results suggest that methods to control solubility,
such as the addition of excess fatty acids for solubilize aggregation, are needed to generalize

the technique of forming dense supramolecular aggregates for oxygen-blocking ability.

Dec Al/Firpic/Dec Al

Figure 2-5. Photographs of Dec ([Dec] = 80 mM), A1-FIrpic-Dec ([A1] =10 mM, [FIrpic] = 100 uM, [Dec] = 80

mM), and A1 ([A1] = 10mM) in water.
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* 2-3-3 Characterization of supramolecular co-assembly of A1, Flrpic and Dec
Dynamic light scattering (DLS), zeta potential, UV-vis absorption, fluorescence
measurements, and SEM observation were performed to obtain further information about
the ternary assembly. The DLS profile of the ternary dispersion of A1-Flrpic-Dec showed a
particle size of 871+28 nm (Figure 2-6), and this aggregate showed comparable particle size

even in the absence of donor molecule (Figure. 2-7).
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Figure 2-6. DLS profile of A1-FIrpic-Dec in water ([A1] = 10 mM, [FIrpic] = 100 uM, [Dec] = 80 mM). The

result showed a particle size of 871+28 nm
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Figure 2-7. DLS profile of A1-Dec in water ([A1] = 10 mM, [Dec] = 80 mM).The data showed a particle size
of 1282+40nm. This result suggests that the particle size is the same scale before and after encapsulation of

Flrpic.

SEM observation results showed good agreement with DLS profile (Figure. 2-8). Under
conditions without fatty acids, precipitation was observed as shown in Figure 2-5, and
particles of around 1 um were obtained by adding a large excess of fatty acids. From these
results, it is thought that the excess fatty acids solubilize the aggregate with the structure

shown in Figure 2-2 as the unit structure by surrounding it with the excess fatty acids.

Figure 2-8. SEM images of ternary co-assembly of A1-FIrpic-Dec. The aqueous dispersion of A1-FIrpic-Dec
([A1] =10 mM [FIrpic] = 100 uM [Dec] = 80 mM) was cast on a TEM grid and dried in air. Particles like these

pictures were observed to be sparsely present.
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The co-assembly of A1 with excess Dec anions was further supported by the negative zeta
potential of —24.7 mV observed for A1-FIrpic-Dec. Compared with the fluorescence peak at
358 nm of the molecularly-dispersed Al in methanol, a fluorescence spectrum of the Al-
Flrpic-Dec ternary dispersion showed a redshift to 391 nm, which is still in the UV range
(Figure 2-9).

—— A1/Flrpic/Dec in water
1.0 —— A1 in methanol

0.8 1
0.6
0.4 1

0.2 4

Normalized PL intensity (a.u.)

0.0 T T T T T T 1
300 350 400 450 500 550 600 650

Wavelength (nm)

Figure 2-9. Fluorescence spectra of Al in methanol (black, [A1] = 0.25 mM, Aex =241 nm) and A1-FIrpic-Dec
in water (red, [A1] =10 mM, [FlIrpic] = 100 uM, [Dec] = 80 mM, Aex =280 nm).
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We also observed red-shifts in the excitation spectrum of aqueous A1-FIrpic-Dec as
compared to that of Al in methanol (Figure 2-10). These results suggest the presence of

excitonic interactions among the terphenyl chromophores in the aqueous co-assemblies.
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Figure 2-10. Excitation spectra of A1 in methanol (black, [A1] = 0.25 mM, Aat=360 nm) and A1-FIrpic-Dec in
water (red, [A1] = 10 mM, [FIrpic] = 100 uM, [Dec] = 80 mM, A4t =390 nm).
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* 2-3-4 TTA-UC property at deaerated condition

The TTA-UC properties of the Al-Flrpic-Dec ternary co-assemblies were then
characterized in deaerated water. The aqueous dispersion of Al-FIrpic-Dec ([A1] = 10 mM,
[FIrpic] =100 uM and [Dec] = 80 mM) was deaerated by repeated freeze-pump-thaw cycles.
Under the irradiation of visible laser at 445 nm, the aqueous dispersion showed upconverted

UV emission at around 390 nm (Figure 2-11).
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Figure 2-11. Photoluminescence (PL) spectra of Al1-FIrpic-Dec in deaerated water ([A1] = 10 mM, [Flrpic] =

100 uM, [Dec] =80 mM, Aex =445 nm). Scattered excitation laser light was removed by 400 and 425 nm short-

pass filters.
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Double logarithmic plots of the UC emission intensity at 390 nm against the excitation
intensity showed a slope change from 2 to 1, which is a typical characteristic of TTA-UC
(Figure 2-12).47-4
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Figure 2-12. Excitation intensity dependence of UCPL intensity of Al-Flrpic-Dec in deaerated

water at 390 nm. The red and blue lines are fitting results with slope 2.0 and 1.0, respectively.
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Furthermore, the upconverted emission was observed for the microsecond scale,

supporting the delayed fluorescence mechanism via the long-lived triplet state (Figure 2-13).

UCPL intensity (a.u.)

0 160 260
Time (us)
Figure 2-13. Photoluminescence (PL) spectra of A1-FIrpic-Dec in deaerated water ([A1] = 10 mM, [Flrpic] =
100 uM, [Dec] =80 mM, Aex =445 nm). Scattered excitation laser light was removed by 400 and 425 nm short-

pass filters.

Although the TTA-UC efficiency was not high (0.1 % at 10 W/cm?) compared with the
previous vis-to-UV TTA-UC systems,**® this is partly due to a reduced fluorescence
quantum yield (~26%) in the aqueous co-assemblies. It is also possible that the deactivation
of triplets occurred at strongly interacting sites.> The optimization of the chemical structure
of amphiphilic acceptors and the co-assembly conditions to improve TTA-UC efficiency is an

important future task.
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* 2-3-5 TTA-UC property at aerated condition
Significantly, the ternary A1-FIrpic-Dec co-assemblies showed a stable vis-to-UV TTA-UC

emission even in air-saturated water (Figure 2-14).
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Figure 2-14. PL spectra of Al-FIrpic-Dec in deaerated (black) and aerated (red) water under 445 nm
excitation ([A1] = 10 mM, [FIrpic] = 100 uM, [Dec] = 80 mM). Scattered excitation laser light was removed by
400 and 425 nm short-pass filters.
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Oxygen-barrier efficiency (®Pos) was estimated by the time dependence of UC emission
intensity at 390 nm. It was found that the UC emission was maintained for more than one

hour even in aerated water (Figure 2-15).
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Figure 2-15. Time dependence of UCPL intensity of A1-FIrpic-Dec in deaerated (black) and aerated (red)

water at 390 nm.

By comparing the time-averaged UC emission intensity of the degassed and aerated
samples, the @os was calculated as @op= Iuc, wrated | Iuc, deaerated = 80%, which is comparable to
our previous aqueous co-assembled system showing air-stable green-to-blue TTA-UC.# In
our previous work, we have shown that the oxygen blocking ability can be endowed by
enhancing the packing density of chromophores and alkyl chains in the aqueous co-
assemblies. It is notable that such supramolecular crowding strategy which takes advantage
of ion-paring-based co-assembly is generalized for the single-chained, bola-type acceptor

amphiphiles that lead to the aqueous vis-to-UV TTA-UC even under the aerated conditions.
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2-4 Conclusion

In this work, we showed the first example of air-stable vis-to-UV TTA-UC in water. The
novel anionic amphiphilic acceptor A1l was co-assembled with the donor Flrpic and the
cationic lipid Dec in water. The ternary aqueous co-assemblies showed a high oxygen barrier
efficiency ®@os of 80%. The current system clarified the generality of our previous
supramolecular crowding strategy in which the enhancement in molecular packing density
in aqueous co-assemblies endowed the remarkable oxygen blocking ability.** This work
provides important design guidelines to protect air-sensitive species in water for various

applications, including visible-light-driven water splitting.
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Chapter3

Singlet fission as a selective quantum state generator for nuclear hyperpolarization of

biomolecules
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Abstract:

Singlet fission (SF), converting a singlet excited state into a spin-correlated triplet-pair state,
is an effective way to generate a spin quintet state in organic materials. Although its
application to photovoltaics as an exciton multiplier has been extensively studied, the use of
its unique spin degree of freedom has been largely unexplored. Here, we demonstrate that
the spin polarization of the quintet multiexcitons generated by SF improves the sensitivity
of magnetic resonance of water molecules through dynamic nuclear polarization (DNP). We
form supramolecular assemblies of a few pentacene chromophores and use SF-born quintet
spins to achieve DNP of water-glycerol, the most basic biological matrix, as evidenced by the
dependence of nuclear polarization enhancement on magnetic field and microwave power.
Our demonstration opens a new use of SF as a “polarized spin generator” in bio-quantum

technology.
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3-1 Introduction

Photo-excited states of organic assemblies have brought a number of unique opportunities
to optoelectronics, taking advantage of the dual nature of singlet and triplet molecular
excitons !. In particular, singlet fission (SF) 212, which generates two triplet excitons from one
singlet exciton, shows unique functions in terms of electron and spin degrees of freedom. SF
is a multiexciton generation process that can potentially surpass the theoretical limit of a
single-junction solar cell if the split excitons are harvested as free electrons and holes . Its
unique electron degree of freedom has attracted much attention and has been studied

intensively for decades.

The basic SF process is as follows: the singlet exciton S1 undergoes a spin-allowed ultrafast
transition to a triplet-pair state with overall-singlet multiplicity, }(TT), followed by an
intersystem crossing (ISC) to the highest spin multiplicity state, a quintet triplet-pair 5(TT).
When the molecular assembly is larger than two molecules, the triplet-pair states may
dissociate into two free triplets % 1316, Note that the multiexcitonic nature offers a unique
opportunity to construct quintet multiplicity owing to the presence of four half-filled orbitals.
SF provides the effective method to create spin-polarized quintet states in organic systems
without using heavy metals. However, how to use this unique quintet state has not been

fully demonstrated.

We explore the unique spin degree of freedom of SF for quantum technologies 1”-18. Among
the five quintet spin sublevels, it has been reported that certain sublevels can be
preferentially populated 316, According to the JDE model, the 5(TT)o quintet state of
chromophore dimers can be generated as a nearly pure quantum state by making the
exchange interaction between two chromophores sufficiently large and by making the
principal axes of the two chromophores parallel to each other and to the Zeeman field 1. This
model has explained well the experimental results of oriented crystalline samples 2 2.. To
date, the spin aspect of SF has only been used to explain the microscopic mechanisms of SF.
Because organic spin materials have advantages with their extremely small size, down to
nanometers, and excellent bio-compatibility, it is worthwhile to research applications of the

unique quintet state in quantum information science (QIS) and quantum biotechnologies -

18 19

Dynamic nuclear polarization (DNP) of biomolecules is one of the fields where polarized
electron spins can play a pivotal role 22%. Nuclear magnetic resonance (NMR) and magnetic
resonance imaging (MRI) are indispensable analytical techniques in modern life science and
medicine, but their critically low sensitivity limits their applications. Many clinical trials of

MRI diagnosis of cancer have been conducted by transferring the polarization of radical
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electron spins, which are in thermal equilibrium at cryogenic temperatures near 1 K, to the
nuclear spins of bioprobes, and then dissolving them and administering them to the human
body 3. However, the equipment is inevitably expensive and complicated because it requires
cryogenic temperatures. Thus there is a strong need to develop DNP using polarized electron
spins generated at higher temperatures. The triplet excited state generated by spin-
preferential ISC from a photoexcited singlet has been used as a polarized spin source 3!, but
the polarization ratio of the triplet is usually far less than 100% . However, SF has the
potential to offer the ultimate polarization source because it can preferentially populate the
5(TT)o spin sublevel by appropriately controlling the structure and orientation of

chromophore dimers ¥.

This study demonstrates the first application of a SE-born polarized quintet state in DNP
of water-based glass. Various small biomolecules and proteins can be hyperpolarized by
dispersing them in an amorphous water-glycerol glass 22. The key to successful DNP in a bio-
oriented water-glycerol environment is to regulate the balance between aggregation and
dispersion of SF molecular assembly; more than two molecules are needed for SF, but
aggregation that is too large hampers the polarization transfer from the SF-generated
electron spins to the nuclear spins. In essence, creating robust dimer aggregates would be
promising to achieve both efficient SF and polarization transfer to the water-glycerol and
eventually to dispersed biomolecules. We focus on a pentacene derivative, the most
representative chromophore exhibiting SF 8. We succeed in constructing discrete assemblies
of pentacene moieties in water-glycerol using two distinct strategies: supramolecular
assembly of an amphiphilic pentacene derivative and complexation with cyclodextrin (CD)3%.
The combination of ultrafast pump-probe transient absorption spectroscopy (TAS) and time-
resolved electron spin resonance (ESR) measurements reveals that either pentacene assembly
undergoes SF and generates electron spin polarization. We succeed in DNP of water-glycerol
by transferring the polarization from quintet electron spins to nuclear spins upon microwave
irradiation to satisfy the Hartmann-Hahn condition (Figure 3-1B, 3-1C). In addition, we show
that the magnetic field dependence of nuclear polarization enhancement matches well with
the ESR line shape and quintets with higher Rabi frequencies can cause DNP at lower
microwave intensities than a conventional triplet 17, confirming the DNP based on the

polarized quintet spins.
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Figure. 3-1. Schematic illustration of DNP using SF-born quintet electron polarization. (A) Nuclear spins

in the thermal equilibrium state. The red and blue arrows indicate a spin state and {3 spin state, respectively
and the gray circles indicate the populations of each spin state. (B) Polarization transfer from electron spins
in the quintet state (1Q) state, green arrows) generated by photo-induced SF to nuclear spins and the
subsequent diffusion of hyperpolarized nuclear spins. The green circles indicate the populations of
polarized quintet state. DNP increases the a spin population (red circle) and decrease the {3 spin population
(blue circle), resulting in the hyperpolarized nuclear spin state (red square). (C) Pulse sequence of

quintet/triplet-DNP.
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3-2 Experimental section

- 3-2-1 Materials

All reagents and solvents for measurements were used as received without further
purification. Glycerol was purchased from Kishida chemical. Sodium 3-(Trimethylsilyl)-1-
propanesulfonate was purchased from TCI. BCD and yCD were purchased from Wako Pure
Chemical. Deuterium oxide and glycerol - ds were purchased from CIL. Deionized water was
generated by Direct-Q UV (Merck Millipore). The synthesis and characterization of H-PDBA
have been reported in our previous work 34 Analytical grade methanol and sodium
hydroxide purchased from Wako Pure Chemicals were used to form the sodium salt

NaPDBA in methanol, and the solvent was removed to form NaPDBA.

+ 3-2-2 Characterizations

'H NMR (400 MHz) spectra were measured on a JEOL JNM-ECZ 400 and Bruker Ascend
NMR 400 MHz using Sodium 3-(Trimethylsilyl)-1-propanesulfonate as the internal standard.
UV-vis absorption spectra were measured by JASCO V-670 and V-770 spectrophotometers.
Dynamic light scattering (DLS) was carried out using a DLS-8000DL (Otsuka Electronics).

* 3-2-3 Pump-probe transient absorption

The fs-TAS and ns-TAS were conducted using home-built pump-probe setups. The light
source was a Tiisapphire regenerative amplifier (Spectra-Physics, Spitfire Ace, pulse
duration: 120 fs, repetition rate: 1 kHz, pulse energy: 4 m]J/pulse, central wavelength: 800 nm)
seeded by a Ti:sapphire femtosecond mode-locked oscillator (Spectra-Physics, Tsunami,
pulse duration: 120 fs, repetition rate: 80 MHz, pulse energy: 10 nJ/pulse). The output of the
amplifier was divided into two pulses. One of the outputs was led to a phase-matched BBO
crystal for second harmonic generation and was used for the pump pulse (400 nm, 120 fs).
The pump pulse was focused on the sample solution in a 1-mm path length quartz cell. The
other output was focused on a sapphire crystal (3 mm thickness), and generated white light
(450-750 nm) for the probe pulse. The angle between the pump and probe polarizations was
set to the magic angle (~54.7 deg.). The probe pulse that passed through the sample solution
was dispersed by a polychromator (JASCO, CT-10, 300 grooves / 500 nm), and the spectra
were recorded by a multichannel detection system with a CMOS sensor (UNISOKU, USP-
PSMM-NP).

The TAS measurements on the water-glycerol system were conducted under cryogenic

temperature conditions. The glassy sample was prepared by the rapid cooling procedure and
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was held in a cryostat for spectroscopy (UNISOKU, USP-203 Series) during the
measurements. The output from the regenerative amplifier was led to an optical parametric
amplifier system (Light Conversion, TOPAS-prime) to generate 500 or 600 nm pulses for the
pump pulse of the fs-TAS. The output pulse from a nanosecond optical parametric oscillator
system (EKSPLA, NT220) was employed for the pump pulse with a wavelength of 500 or 600
nm for the ns-TAS. We chose the lower excitation photon energy to suppress excess energy
and transient heating in the excitation process because the glassy state was crystalized when
too much heat was caused by photoexcitation. The probe white light was generated from the
output of the Ti:sapphire amplifier focused on a sapphire crystal. The probe pulse passed
through the sample solution was dispersed by a polychromator (JASCO, CT-10, 300 grooves
/ 500 nm), and the spectra were recorded by a multichannel detection system with a CMOS
sensor (UNISOKU, USP-PSMM-NP). The recorded data were analyzed using a home-build
program based on Python.

* 3-2-4Time-resolved ESR setup and experiment

The time-resolved ESR measurement was performed on a home-built spectrometer (Figure

3-2), which has been described in our previous report *.

Power FG
Microwave resonator / source
| Oscﬂloscope
Sample tube Laser
Electromagnet 1 i
g =z Photo detector Trigger |
== Signal
e y | v—s —J\—__,
'Y,Igg | Magic T M— LNA — Diode detector ———— LNA
Phase
shifter

Figure 3-2. Setup for time-resolved ESR. LNA: low noise amplifier; MW osc: microwave oscillator; FG:

function generator.
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The samples were inserted into the dielectric resonator inside of an electromagnet (MC160-
60G-0.8T, Takano Original Magnet) which is controlled by a function generator (335008,
Keysight). The sample was photo-excited by using a pulsed laser (Tolar-527, Beamtech
Optronics). The pulse width, maximum repetition rate and maximum power of this laser are
200 ns, 5 kHz and 400 W, respectively. For samples, the repetition rate and the power of the
laser were set to 100 Hz and 0.3 W.

A microwave was generated with the power of ~10 uW (5G24000H, DS Instruments) and
amplified by using a power amplifier (ALN0905-12-3010, WENTEQ Microwave Corp), then
converted to DC with a diode detector (DHM185AB, Herotek). ESR signal was also amplified
and the noise was cut off by using two amplifiers (SA-230F5, NF ELECTRONIC
INSTRUMENTS and 5305 differential amplifiers, NF ELECTRONIC INSTRUMENTS). The
ESR signal was detected by an oscilloscope (DSOX3024T, Keysight). The temperature was

controlled by flowing cold nitrogen gas into the microwave cavity.

The dielectric resonator was fabricated as shown in Figure 3-3. A ring-shaped dielectric
ceramic (M29, MARUWA) with an outer diameter of 6.8 mm, an inner diameter of 2.1 mm,
and a thickness of 2.5 mm was used. The hole with diameter of 14 mm was made on the
copper blocks and closed with two copper clad laminate (CCL) boards to insert the dielectric
ceramic. There is a hole with diameter of 2.1 mm on the top side CCL boards to insert the
sample, and there are three holes on the center of front, back and side of copper blocks for
microwave irradiation, laser irradiation and flowing the gas for temperature control with
diameter of 8 mm, 6 mm and 5 mm, respectively. Two dielectric ceramics were hold by PTFE
in the center of resonator. The waveguide was attached to the front of the resonator and a
small copper plate, placed between the waveguide and the resonator, was controlled by a
PTFE screw to adjust the microwave reflectivity. The resonance frequency of the fabricated

cavity resonator was 9 GHz.
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Figure 3-3. The cavity resonator in the time-resolved ESR setup. Overall view (left) and cross-sectional view

(right).

ESR spectra were analyzed in Matlab version R2019b Update 8 (The Mathworks, Inc.)
using the computational model shown in the previous report 1. The polarization of the triplet
state was assumed to be generated by only spin-orbit ISC, suggesting that no triplet
dissociations occurred from the dimer. The spectra derived from quintet state were
simulated by two strongly coupled TT conformations (TTa and TTs) which has different
orientations and J-coupling. The fitting parameters are summarized in Figure 3-4 and Table
3-1, 3-2.
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Figure 3-4. Angles defined for geometry of the triplet pair for the ZFS principal axes represented by X1, Y1,
Z1 for triplet 1 and by X2, Y2, Z2 for triplet 2 in the TT multiexciton. (A) Polar angles, (0, ¢) and (B) Euler

angles, (a, B, ¥).

Table 3-1. Fitting parameters used for ISC-born triplet in the time-resolved ESR spectra (Figure 3-32 and 3-

35).
Relative
State D /MHz E /MHz
populations
T =0.09
NaPDBA T, =091 1380 -20
T,=0
T =0.09
NaPDBA-BCD T, =091 1410 -15
T,=0
T =0.09
NaPDBA-yCD T, =091 1380 -15
T,=0
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Table 3-2. Fitting parameters used for SF-born quintet in the time-resolved ESR spectra (Figure 3-32 and 3-

35).
Euler Polar
Populations J D E Dgs Usiv kyec
State angles angles
a) /GHz /MHz /MHz /MHz Jem /st
/degrees /degrees
a=0
TT, Q,,=0.118 40 =0
Q,,=0.024 _
=0 0=35
NaPDBA Q,=0.099 1180 -20 -120 21.5
- ¢=0
Q,=0.027 a=90
| Q,=-0133 -8 p=20
y=-90
a=0
TT, Q,,=0.087 60 =0
Q,,=0.008 -0
NaPDBA- 14 0=35
Q,=0.074 1180 -20 -150 21.5
vCD B =0
Q, =0.009 a=90
| Q,=0103 -20 p=10
y=-90
a) These values were obtained as ensemble averaged sublevel populations for the field orientations perpendicular to
the Z principal axis of the zero-field splitting interaction of the triplet molecule in the multiexciton at ¢ = 0.4 us. This
procedure was undertaken because the *(TT), — 5(TT), microwave transition in Figure 3-32 C-D was utilized for
the DNP experiments and is dominantly contributed by these field orientations to satisfy the microwave resonance
at the field strength. The residual populations were obtained in the excited complexes, as follows: SoSo = 0.541,
1(TT) = 0.057 for NaPDBA and SoSo = 0.646, *(TT) = 0.074 for NaPDBA-yCD. To fit the entire ESR spectra, however,
computed anisotropic spin polarization patterns were averaged for all the possible field orientations to obtain the
powder-pattern spectra, as reported previously in Ref.(16) of the main text. Fitting parameters are also detailed in
Ref.(16).
b) The polar angles correspond to 6 and ¢ in Fig. S31A, and the Euler angles correspond to «, § and y in Figure 3-34 B.

<)

The singlet recombination constant krec represents the rate of singlet TT dimer '(TT) deactivation to the ground state.
I(TT) and 5(TT) are assumed to be in equilibrium. The krec value was estimated based on change in ESR signal
intensity from immediately after photoexcitaton to 2-3 us later. The change of ESR signal intensity was well

explained with krec of 1.0 x 10° s for NaPDBA and 2.0 x 10° s’ for NaPDBA-yCD.
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*3-2-5 Triplet-DNP setup and experiment

DNP experiment was carried out on a home-built spectrometer (Figure 3-5), which has
been described in our previous report *. It consists of electromagnet (MC160-60G-0.8T,
Takano Original Magnet), microwave resonator, coil for magnetic field sweep and pulsed
laser. Sequence control and NMR signal detection were performed using the OPENCORE
NMR spectrometer .

OPENCORE NMR spectrometer

_ Trig. (Laser)  [Trig. | |__NMR Transmitter
Trig. (Sweep) (Sample shuttle)
NMR Receiver
Trig. (MW)
Laser .= Stepping motor

LNA
LC resonance circuit F

MW pa Solenoid coil
056 WA _L ” Duplexer
Split coil -T
— FG —g:\p Terminator
|
Electromagnet T i Duplexer

Microwave resonator =

LC resonance circuit

Figure 3-5. Setup for triplet-DNP. PA: power amplifier; MW osc: microwave oscillator; FG: function

generator; Trig.: TTL trigger signal; LNA: low noise amplifier.

The cavity was fabricated as shown in Figure 3-6. The hole with diameter of 21.5 mm was
made on the copper blocks and closed by two CCL boards to adjust the resonant frequency
of Ku-band. There is a hole with diameter of 5 mm on the top side CCL boards to insert the
samples, and there are three holes on the center of front, back and side of copper blocks for
microwave irradiation,, laser irradiation and flow of cold nitrogen gas to keep the sample
temperature, with diameter of 7 mm,, 6 mm and 5 mm, respectively. The microwave
reflectivity was adjusted by a Teflon screw as with time-resolved ESR setup. the resonance
frequency of the fabricated cavity resonator was about 17.3 GHz. 1-turn saddle coil, four
enamel wires which were connected to each other, were inserted into the resonator to
surround the sample. An induced magnetic field was applied to the sample by a current
flowing in the copper wire, and the induced field direction is parallel to the static magnetic

field. The magnetic field was swept from a high field to a low field over a few tens of
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microseconds. The coils for the NMR detection were installed on the top of the resonator.
The coil was made by winding enameled wire. The oscillating magnetic field from the coil
and the static magnetic field from the electromagnet were arranged perpendicular to each

other.

NMR detection

 RF1 (Detection)

Field sweep

Cooling gas flow hole

Frl’"I

Cayity resonator:
PTFF. screw

Copper plate

" Connect

Current in Current out

Microwave irradiation hole

Lascer irradiation hole

Figure 3-6. The resonator used in triplet-DNP. NMR detection part (blue), field sweep part (green) and cavity

resonator (red).
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The sample was photo-excited by using pulsed laser (Tolar-527, Beamtech Optronics) and
kept the temperature by flowing cold nitrogen gas, same as time-resolved ESR setup. For
triplet-DNP experiments, the repetition rate and the power of the laser were set to 500 Hz
and 1.5-2.7 W. The continuous microwave was generated (SG24000H, DS Instruments) and
converted to a pulsed wave using a pin diode (51517D, L3BHARRIS). The pulsed wave was
amplified by wusing a power amplifier (AMP4081P-CTL, EXODUS ADVANCED
COMMUNICATIONS) and sent into the resonator by a coaxial cable with the transmission
loss of ~1dB. The magnetic field sweep was performed by applying an amplified triangular
wave to a copper wire built in the resonator (Figure 3-6). The source triangular wave was
generated from the function generator (WF1974, NF ELECTRONIC INSTRUMENTS). This
triangular wave was amplified tenfold using an operational amplifier (137-PA05, Apex
Microtechnology) and applied to the copper wire to reach a maximum of +50 V. NMR signals
were obtained by OPENCORE NMR spectrometer. The solenoid coil was used as NMR
probe coil and mounted on the top of resonator (Figure 3-6). The sample was rifted up to the
probe coil by using stepping motor within 1 s before NMR detection. In the case of protons
in solid samples, a magic echo sequence was used because the short T2 relaxation time and
strong dipole interaction make it difficult to detect them with ordinary single pulses or spin
echoes. The sweep width of the magnetic field when performing the ISE sequence is shown
in SI. According to Figure 3-7, a voltage application of 1 V generates a magnetic field of 0.2
mT from the field sweep circuit. Thus, a 50 V sweep in the ISE sequence in this study
corresponds to a 10 mT sweep. This value is narrow enough to selectively use only one ESR
peak for DNP.
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20_' Slope =-10.16 kHz/V
_ = -0.2386 mT/V

Offset (kHz)
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Applied voltage (V)

Figure 3-7. Offsets from the NMR resonance frequency at 27.98 MHz when various voltages are applied to

the field sweep circuit. Deionized water was used for NMR measurement. A 50 V sweep in the ISE sequence

in this study corresponds to a 10 mT sweep.
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+3-2-6 Molecular dynamics simulations.

All-atom MD simulations in this study were performed by using the MD program
GROMACS 2016.3. In the initial structure of the systems of NaPDBA in water : glycerol =1 :
1 ([NaPDBA] =1 mM [BCD] =5 mM, [NaPDBA] =1 mM, [yCD] =5 mM, and [NaPDBA] =5
mM), the complexes of NaPDBA with (3/yCD or NaPDBA molecules were assembled close
to each other and solvents and isolated (3/yCD were placed in the surrounding space to fill
the cubic MD cell. For the system of NaPDBA in water ((NaPDBA] =1 mM [BCD] =5 mM,
[NaPDBA] =1 mM, and [yCD] =5 mM), the complexes and isolated (3/yYyCD molecules were
randomly inserted in the MD cell filled with water molecules. The number of molecules in
each system is listed in Table 3-3. The generalized Amber force field ¥ parameters were used
for the force field parameters of NaPDBA, BCD, glycerol, and yCD and the TIP4P-Ew 38
model was used for the water molecules. As NaPDBA is composed of sodium ion and PDBA-,
their partial atomic charges were separately assigned. The atomic charges of PDBA-, BCD,
and yCD were calculated using the restrained electrostatic potential (RESP) ¥ methodology,
based on DFT calculations (B3LYP/6-31G(d,p)) using the GAUSSIAN 16 revision CO01
program. (Gaussian, Inc., Wallingford CT, 2016)
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Table 3-3. Number of molecules used for each MD simulations.

Number of molecules
System
NaPDBA p/yYCD water glycerol

NaPDBA in water 20 0 167054 0
NaPDBA in water-glycerol 20 0 74487 18500
NaPDBA-BCD in water-glycerol 4 20 97423 24300
NaPDBA-yCD in water-glycerol 4 20 97055 24300

NaPDBA-BCD in water 4 20 215005 0

NaPDBA-yCD in water 4 20 214845 0

In the present MD simulations, preequilibration and equilibration runs at room
temperature (300 K) were sequentially carried out after the steepest energy minimization.
The pre-equilibration and equilibration for the 2:2 inclusion complex of NaPDBA-yCD in
water-glycerol at alower temperature (243 K) were performed after the equilibration at room
temperature. During the 5 ns preequilibration, the temperature and pressure of the system
were kept constant using Berendsen thermostat and barostat *° with the relaxation times of
0.2 and 2.0 ps, respectively. The equilibration was run for 20 ns using the Nosé-Hoover
thermostat 4! and Parrinello-Rahman barostat 42 with the relaxation times of 1.0 and 5.0 ps,
respectively. The pressure of the system for all MD simulations was kept at 1 bar. All bonds
connected to hydrogen atoms were constrained with LINCS 4 algorithm. The time step of
preequilibration and equilibration was set to 2 fs. The long-range Coulomb interactions were
calculated with the smooth particle-mesh Ewald method % with a grid spacing of 0.30 nm.

The real space cutoff for both Coulomb and van der Waals interactions was 1.2 nm.

The PMF for pulling away one of yCD forming the complex with NaPDBA were calculated
for the quantitative comparison of the stability of the complex in water-glycerol between

NaPDBA-yCD at 300 K and 243 K. According to the previous study*, the PMF for each
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system was obtained from a series of umbrella sampling (US) simulations, where the energy
minima of their umbrella potentials were located at equal intervals along the direction of
pulling YyCD and the calculated probability density distributions were overlapped. For
preparing the initial positions of two series of the US simulations, nonequilibrium steered
MD simulations were performed using the structure after the 20 ns equilibration runs. The
center of the mass of one molecule of yCD molecules forming the complex was pulled away
in one direction using an umbrella potential with a force constant of 1,000 kJ/mol/nm?. The
pulling rate was 0.35 nm/ns and 0.80 nm/ns for NaPDBA-yCD in water-glycerol at 300 K and
243 K, respectively. During the 3 ns steered MD simulations using the Nosé-Hoover
thermostat and Parrinello-Rahman barostat, the atoms of NaPDBA except sodium ions and
hydrogen atoms were constrained to the intial positions by a harmonic potential with a force
constant of 1,000 kJ/mol/nm?2. In the US simulation with the structures selected from the
trajectory of the steered MD run, the 1 ns preequilibration run using the Berendsen
thermostat and barostat and the 2 ns equilibration run using the Nosé-Hoover thermostat
and Parrinello-Rahman barostat were performed. The number of the US simulations was 6
both for NaPDBA-yCD at 300 K and at 243 K. The force constant of the umbrella potential
used in the US simulations was also 1,000 kJ/mol/nm2. The values of the PMF were calculated

from each set of the US simulations by the weighted histogram method (WHAM) 46 47,
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3-3 Results and discussion
* 3-3-1 Evaluation of aggregate formation of pentacene derivative NaPDBA

To construct supramolecular assemblies showing SF, we used our previously developed
amphiphilic sodium 4,4-(pentacene-6,13-diyl)dibenzoate (NaPDBA, Figure 3-8A): a
hydrophobic pentacene modified with hydrophilic carboxyl groups. We molecularly
dispersed 1-mM NaPDBA in methanol and obtained an absorption peak at 593.5 nm. In
water-glycerol, the absorption peak was clearly red-shifted to 604 nm, suggesting the

formation of supramolecular assemblies (Figure 3-8B).
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Figure 3-8. Schematic illustration of DNP using SF-born quintet electron polarization. (A) Molecular
structures of NaPDBA and vy-cyclodextrin (YCD) and supramolecular assembly of only NaPDBA and the
NaPDBA-yCD inclusion complex. (B) Absorption spectra of NaPDBA in water-glycerol at 143 K (black),
NaPDBA-yCD in water-glycerol (1:1) at 143 K (blue), and NaPDBA in methanol at room temperature (red).

The concentrations of NaPDBA and yCD were 1 mM and 5 mM, respectively.
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We adjusted the mixing ratio of water and glycerol and used a 1:1 mixture by volume
because it maintains the glassy state in the DNP-relevant condition, i.e., low temperature
under laser irradiation. Molecular dynamics (MD) simulation was performed for an initial
structure of 20 molecules of NaPDBA in close proximity to each other in water-glycerol. The
simulation showed that the structure split into multiple dimers and a few monomers (Figure
3-9A,B).
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Figure 3-9. MD simulation of the supramolecular assemblies. (A,B) MD simulation snapshots of NaPDBA

([NaPDBA] =1 mM) in water-glycerol (1:1) at 300 K. Parallel oriented dimers are shown in yellow.

Figure 3-10 shows the time variation of the distance between the centers of the mass (dcom)
of pentacene and the angle (0) between dcom and the nearest distance between the pentacene
units (dmin) obtained from the MD simulations of NaPDBA in water-glycerol at 300 K. The
distance between pentacene units is relatively far with various orientations, which probably

gave a slightly red-shifted and sharp absorption peaks.
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Figure 3-10. (A) Definition of distance between the pentacene centers of the mass (d¢oy ) and time
dependences of d¢py of (B) NaPDBA in water-glycerol at 300 K and (C) NaPDBA-yCD in water-glycerol at
243 K for the last 5 ns of MD simulations. (D) Definition of angle between d¢oy and dy;;;, which denotes
the nearest distance between the pentacene units () and time dependences of 6 of (E) NaPDBA in water-
glycerol at 300 K and (F) NaPDBA-yCD in water-glycerol at 243 K for the last 5 ns of MD simulations. (G)
Time averaged of d¢py and 6: circles and squares represent those values of NaPDBA in water-glycerol at
300 K and NaPDBA-yCD in water-glycerol at 243 K, respectively; triangles represent those values of
NaPDBA-yCD in water-glycerol at 243 K using initial structure in which d¢pp is different. (H) Time
averaged of dgopy along the direction of the short axis (ds) and of the long axis (d,). The curves and plots in

different colors indicate different pentacene dimers in the system. The horizontal and vertical bars show the

standard deviations of time series of the values during the last 5 ns of MD simulations.
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The formation of small dimeric structures agrees well with the fact that dynamic light
scattering (DLS) measurements of NaPDBA in water-glycerol did not show any significant
scattering intensity derived from large aggregates. However, DLS measurements showed
that NaPDBA forms larger structures in pure water without glycerol (Figure 3-11). MD
simulations also confirmed the formation of stable NaPDBA multimers in water (Figure 3-
12). The addition of glycerol may have weakened the hydrophobic interactions between
NaPDBA monomers and prevented the formation of larger aggregates, leading to the

formation of NaPDBA dimers*.
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Figure 3-11. DLS profile of NaPDBA in water ([NaPDBA] = 1 mM). [NaPDBA] = 1 mM dispersion was

degassed by freeze pump thew cycle prior to the measurement. The data showed a particle size of 89+23 nm.
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Figure 3-12. MD simulation snapshots of NaPDBA in water at 300 K. Parallel oriented dimers are shown

in yellow.

To systematically change the assembly structure and excitonic interaction between the
pentacene moieties while using the same NaPDBA molecule, we added 3-cyclodextrin (3CD)
and 7y-cyclodextrin (yCD) to NaPDBA in water-glycerol. BCD and yCD are cyclic
oligosaccharides with seven and eight glucose subunits, respectively, and can host various
hydrophobic compounds within their hydrophobic interiors. The addition of yCD did not
change the absorption spectrum of NaPDBA at room temperature with an absorption peak
at 604 nm (Figure 3-13). Notably, the absorption peak of NaPDBA was further red-shifted to
612 nm and broadened by cooling to 143 K after inclusion was allowed to fully progress by
letting the solution stand at 243 K in the presence of yCD (Figure. 3-8B, 3-13). This suggests
that the excitonic interaction between pentacenes was enhanced by the formation of the

inclusion complex between NaPDBA and yCD at low temperature.
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Figure 3-13. Absorption spectra of (A) NaPDBA, (B) NaPDBA and $CD, and (C) NaPDBA and yCD in water-
glycerol (1:1) at room temperature (black lines) and 143 K (red lines) ((NaPDBA] = 1 mM [CD] = 0-10 mM).

NMR studies of NaPDBA and yCD suggested that two molecules of yCD encapsulate a
NaPDBA dimer, which is reasonable considering the large inner diameter of YyCD and the
strong excitonic interaction between pentacene moieties in the NaPDBA-yCD inclusion
complex We first discuss the formation of inclusion complex of NaPDBA and BCD/yCD in
water-glycerol. As the concentration of BCD was increased, the absorption peak of NaPDBA
slightly blue-shifted from 604 nm to 601.5 nm while passing through the isobestic point
(Figure 3-14), suggesting that the complexation of NaPDBA and CD weakened the
interaction between pentacene. Even in the presence of BCD, the absorption peak remained
red-shifted from the that of molecularly dispersed NaPDBA in methanol (593.5 nm),
suggesting that the inter-pentacene excitonic interaction was not completely eliminated
probably due to the aggregation of the inclusion complex of NaPDBA and BCD. When the
temperature was lowered to 143 K, the position of the absorption spectrum was red-shifted
from 604 nm to 606 nm in the case of NaPDBA alone, whereas there was almost no peak shift
in the case of NaPDBA-BCD (Figure 3-13). Therefore, NaPDBA and BCD do indeed form an
inclusion complex, and the inter-chromophore interaction is weaker than in the case of
NaPDBA alone, especially at low temperatures.

On the other hand, the addition of yCD did not change the absorption spectrum of

NaPDBA at room temperature with an absorption peak at 604 nm (Figure 3-13). Interestingly,
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the absorption peak of NaPDBA was further red-shifted to 612 nm and broadened by cooling
to 143 K after allowing inclusion to fully progress by standing at 243 K in the presence of
YCD Figure. 3-8B, 3-13). This suggests that the inter-pentacene excitonic interaction was

enhanced by the formation of inclusion complex between NaPDBA and yCD at low

temperatures.
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Figure 3-14. Absorption spectra of NaPDBA with different concentrations of BCD in water-glycerol (1:1) at
room temperature ([NaPDBA] =1 mM [BCD] = 0-10 mM).
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The complex structures between NaPDBA and 3CD/yCD were further studied by NMR
measurements. The NMR spectra of NaPDBA and CD at room temperature in water-
glycerol showed a change in the chemical shift of the NaPDBA-derived peak (Figure 3-15A,
B). Job plot by measuring the NMR spectra of NaPDBA and 3CD at different concentrations
suggested that the molar ratio of NaPDBA to 3CD is 1:2 in their inclusion complex (Figure
3-15C). This result indicates that the two FCD molecules encapsulate one NaPDBA molecule.
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Figure 3-15. '"H NMR spectra of (A) NaPDBA ([NaPDBA] =2 mM) and (B) NaPDBA and BCD ([NaPDBA] =
0.6 mM, [BCD] = 1.4 mM) in D:20-glycerol-ds (1:1) at room temperature. Sodium 3-(Trimethylsilyl)-1-
propanesulfonate was used as internal standard. (C) Job plot of NaPDBA and 3CD in D20-glycerol-ds (1:1).
The total concentration of NaPDBA and BCD was kept as 2 mM. The shift of the peak at around 8.28 ppm is

shown.

83



Due to the technical difficulty of obtaining NMR spectra with enough signal-to-noise ratio
in viscous water-glycerol at low temperatures, we instead evaluated the complexation of
NaPDBA with yCD in water at room temperature. The absorption spectrum of NaPDBA
with yCD in water at room temperature showed a similar red-shift and broadening
compared with that in water-glycerol at 143 K, and their peak positions were almost identical,

indicating the formation of the similar inclusion complex (Figure 3-16).
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Figure 3-16. Absorption spectra of NaPDBA and yCD in water at room temperature (black line), in water-
glycerol (1:1) at room temperature (red line), and in water-glycerol (1:1) at 143 K (blue line) ((NaPDBA] =1
mM, [yCD] =5 mM).
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Nuclear Overhauser effect spectroscopy (NOESY) NMR measurements of NaPDBA and
YCD in water at room temperature revealed that there are cross peaks between the protons

inside the CD ring and the pentacene skeleton of NaPDBA (Figure 3-17).
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Figure 3-17. 'H NOESY spectra of (A) NaPDBA and BCD ([NaPDBA] = 1 mM, [BCD] = 5 mM) and (B)
NaPDBA and yCD ([NaPDBA] = 1 mM, [yCD] = 5 mM) in D20 at room temperature. Sodium 3-

(Trimethylsilyl)-1-propanesulfonate was used as internal standard.

This result indicates that the pentacene moiety of NaPDBA is incorporated into the internal
space of yCD by hydrophobic interaction. Diffusion ordered spectroscopy (DOSY)
measurements indicate that the mixing of NaPDBA and yCD reduced their diffusion
coefficients to similar values, which supports the complexation of NaPDBA and yCD (Figure
3-18).
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Figure 3-18. DOSY spectra of NaPDBA , CD and these mixture. (A) DOSY spectra of [NaPDBA] =1 mM
(purple), [BCD] =2 mM (red) and a mixture of [NaPDBA] =1 mM and [BCD] =2 mM (blue) in D20 at room
temperature. Residual water was used as internal standard. (B) DOSY spectra of [NaPDBA] =1 mM (purple),
[YCD] = 2 mM (red) and a mixture of [NaPDBA] = 1 mM and [yCD] = 2 mM (blue) in D20 at room
temperature. Residual water was used as internal standard.

Deuterated water was used as the solvent because the viscosity of the water-glycerol mixture was too high
for reliable DOSY measurements. yCD-derived NMR peaks were observed around 3.5-5.0 ppm and
NaPDBA-derived NMR peaks around 7.5-8.5 ppm, both showing a decrease in diffusion coefficient by the
mixing of YCD and NaPDBA. The diffusion coefficient of NaPDBA decreased from 2.7x10-° m? s to 1.6x10
10 m? s and that of YCD decreased from 2.2x10-1° m? s! to 2.0x10-"® m? s upon mixing. Importantly, the
diffusion coefficients of NaPDBA and yCD were almost the same after mixing, which supports that NaPDBA
and yCD form a complex. Similarly, the mixing of NaPDBA and BCD resulted in the decrease of the
diffusion coefficients of NaPDBA and BCD from 2.7x10"°m? s to 1.8x10"° m? s and from 2.3x10-° m? s to

2.0x10° m? s, respectively, confirming the formation of the NaPDBA-CD complex.
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Job plot by using NMR spectra of NaPDBA and yCD in water showed that the molar ratio
of NaPDBA to yCD is 1:1 (2:2) (Figure 3-19). This result suggests that two molecules of yCD
encapsulate a NaPDBA dimer, which is reasonable since the inner diameter of yCD is larger
than that of BCD, and strong excitonic interaction between pentacene moieties was observed
in the NaPDBA-yCD inclusion complex.

The hydrophobic accommodation of NaPDBA by CD in water at room temperature was
also observed by NOESY and DOSY measurements (Figure 3-17,18). The job plot in water
suggested the same 1:2 molar ratio inclusion complex of NaPDBA and CD, similar to the

case in water-glycerol (Figure 3-19).
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Figure 3-19. (A) Job plot of NaPDBA and BCD in D20. The total concentration of NaPDBA and CD was
kept as 2 mM. The shift of the peak at around 3.78 ppm is shown. (B) Job plot of NaPDBA and yCD in D20.
The total concentration of NaPDBA and yCD was kept as 1 mM. The shift of the peak at around 3.93 ppm is

shown. Sodium 3-(Trimethylsilyl)-1-propanesulfonate was used as internal standard.
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Absorption spectra showed that the NaPDBA-BCD inclusion complex were molecularly
dispersed in water (Figure 3-20), suggesting that and the NaPDBA-BCD complex aggregated
in water-glycerol due to the reduced solubility of BCD.
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Figure 3-20. Absorption spectra of NaPDBA and BCD in water (black), in water-glycerol (1:1) (blue) and
only NaPDBA in methanol (red) at room temperature ((NaPDBA] =1 mM, [CD] = 5 mM).

88



In the MD simulation, the 2:2 inclusion complex of NaPDBA-yCD was stable in water-
glycerol at 243 K (Figure 3-21A,B).

A

Figure 3-21. MD simulation of the supramolecular assemblies. (C,D) MD simulation snapshots of NaPDBA
and yCD ([NaPDBA] =1 mM, [yCD] =5 mM) in water-glycerol (1:1) at 243 K.

The MD simulation results showed that both d¢py and 6 fluctuate less in NaPDBA-yCD
than in NaPDBA alone, which is reasonable since NaPDBA dimers are encapsulated in yCD
(Figure 3-10). In NaPDBA-yCD, the pentacene units associate at a closer distance, causing
orbital overlap between the two chromophores. In the presence of orbital overlaps, we
cannot simply classify J- or H- aggregate assuming point-dipole approximation; the excitonic
coupling depends sensitively on the relative geometry between the chromophores and
molecular orbitals. It has been reported that a few A displacements affect the sign of the
inter-chromophore interaction, demonstrating both J-aggregate-like and H-aggregate-like
spectral changes at face-to-face geometry %°. According to our MD simulation, the shift along
the long-axis of the pentacene backbones varies by a few A. This variation would result in
the simultaneous presence of J-aggregate-like and H-aggregate-like dimers in the system,
resulting in the broad absorption spectra of NaPDBA-yCD. Note that the inclusion
complexes of NaPDBA-yCD were unstable at room temperature in water-glycerol (Figure 3-
22), which is consistent with the experimental results for complexation only by cooling

(Figure 3-13).
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Figure 3-22. MD simulation snapshots of NaPDBA and yCD ([NaPDBA] = 1 mM, [yCD] = 5 mM) in water-
glycerol (1:1) at 300 K. The dotted area shows that NaPDBA and yCD are about to be detached.

In the MD simulation, the 1:2 inclusion complex of NaPDBA-CD was found to be stable
in water-glycerol at room temperature (Figure 3-23). When the simulation was started from
the initial aggregated structure of the inclusion complexes, no dispersion behavior was
observed, supporting that the excitonic interaction between pentacenes observed in the

absorption spectra is caused by the aggregation of the inclusion complexes.

5

Pt

Figure 3-23. MD simulation snapshots of NaPDBA and BCD ([NaPDBA] = 1 mM, [BCD] = 5 mM) in water-
glycerol (1:1) at 300 K.
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The PMFs for pulling away one yCD molecule of the 2:2 inclusion complex of NaPDBA-
vCD in water-glycerol until it unfolded the NaPDBA dimer were 7.9 + 2.1 and 21.1 + 2.4
kJ/mol. Since the thermal energy of the complex consisting of 4 molecules at 300 K can be
estimated about 10 kJ/mol, the complex of NaPDBA-yCD in water-glycerol at 300 K should
not be energetically stable. It indicates that some NaPDBA molecules might be dispersed in
the system without forming the complex.

Both 1:2 inclusion complex of NaPDBA-BCD and 1:1 complex of NaPDBA-yCD were
found to be stable and dispersed in water at room temperature in the MD simulations (Figure
3-24).

A

Figure 3-24. (A, B) MD simulation snapshots of NaPDBA and BCD ([NaPDBA] =1 mM, [BCD] =5 mM) in
water at 300 K. (C, D) MD simulation snapshots of NaPDBA and yCD ([NaPDBA] =1 mM, [yCD] =5 mM)

in water at 300 K.
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The analysis of the potential of mean force (PMF) of the complexes also supported this
stability difference quantitatively: the higher the PMF value of the complex, the more stable
the complex. The PMFs for pulling away one yCD molecule of the 2:2 inclusion complex of
NaPDBA-yCD in water-glycerol until it unfolded the NaPDBA dimer were 7.9 + 2.1 and 21.1
+2.4 kJ/mol at 300 K and 243 K, respectively (Figure 3-25).
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Figure 3-25. PMF profiles of 2:2 inclusion complex of NaPDBA-yCD in water-glycerol at 300 K (A) and at
243 K (C). Each inset snapshot illustrates the top view of the NaPDBA-yCD complex at the moment of its
collapse. Apparent probability density of 2:2 inclusion complex of NaPDBA-yCD in water-glycerol at 300 K
(B) and at 243 K (D). The curves drawn in different colors were calculated from each US simulation. The

error bars depict only the statistical uncertainty from the connection of probability density by WHAM.

Therefore, it shows that the NaPDBA-yCD inclusion complex at 243 K was more stable
than that at 300 K. Since the thermal energy of the complex consisting of 4 molecules at 300
K can be estimated about 10 k]J/mol, the complex of NaPDBA-yCD in water-glycerol at 300
K should not be energetically stable. The inclusion of the NaPDBA monomer by two BCD
molecules was suggested by the absorption spectra, NMR measurements, and MD
simulations (Figure 3-13-25). This 1:2 inclusion complex of NaPDBA-BCD without SF was

used for comparison.
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+ 3-3-2 Evidence of SF

To investigate the SF properties of these systems, we conducted femtosecond and
nanosecond pump-probe TAS (fs- and ns-TAS) measurements in water-glycerol glass at 143
K, which is relevant to ESR and DNP measurements. Prior to the TAS measurements, the
water-glycerol solutions of NaPDBA and NaPDBA-BCD were quenched and vitrified in
liquid nitrogen after complexation at 243 K. The excitation wavelength was set at the lowest
absorption edge (600-635 nm) to minimize the excess photoexcitation energy. Figure 3 shows
a thorough comparison of fs-TAS measurements of the systems and the corresponding
results of global analyses. The bare NaPDBA aggregates showed broad transient absorption
with a peak at 430-450 nm just after photoexcitation (Figure 3-26A-C, Figure 3-27), which can
be assigned to the transition from the S1 excited state (51-S» transition). For pentacene-based
systems, the presence of SF can be estimated from the ultrafast growth of transient
absorption around 510-520 nm typically assigned to the Ti-Tx transition of a pentacene
skeleton 8. As the peak around 450-460 nm decreased in several picoseconds, the TA around
510-520 nm became dominant. This allowed us to confirm the ultrafast generation of Ti
through SF of NaPDBA aggregates. To quantify the ultrafast SF process, we globally
analyzed the observed fs-TAS assuming a sequential model with two components (Figure 3-
26C-E).
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Figure 3-26. fs-TAS measurements of the supramolecular assemblies. Overview of fs-TAS analysis of (A-
E) NaPDBA and (F-J) NaPDBA-yCD in water-glycerol (1:1) at 143 K ([NaPDBA] =1 mM, [yCD] =5 mM). (A,
F) Pseudo-2D plots of experimentally observed fs-TAS (excitation: 635 nm for NaPDBA and 600 nm for
NaPDBA-yCD), (B, G) spectral evolution of the TAS, and (C, H) temporal change of transient absorption at

selected wavelengths and fitting curves from global analysis. (D, I) Evolution-associated spectra and (E, J)

corresponding concentration kinetics obtained from global analysis based on sequential models.
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Figure 3-27. fs-TAS measurements of the supramolecular assemblies. (This figure displays the entire
wavelength range of Fig. 3) Overview of fs-TAS analysis of (A-E) NaPDBA and (F-J) NaPDBA-yCD in
water-glycerol (1:1) at 143 K ((NaPDBA] = 1 mM, [yCD] =5 mM). (A, F) Pseudo-2D plots of experimentally
observed fs-TAS (excitation: 635 nm for NaPDBA and 600 nm for NaPDBA-yCD), (B, G) spectral evolution
of the TAS, and (C, H) temporal change of transient absorption at selected wavelengths and fitting curves
from global analysis. (D, I) Evolution-associated spectra and (E, J) corresponding concentration kinetics

obtained from global analysis based on sequential models.

The first component was converted to the second component with a time constant of
2.6510.01 ps, followed by negligible decay (> 1 ns) in the current time window. Note that the
first and second components of the evolution-associated spectra (EAS) can reasonably be
assigned from their shapes to the spectra from Si and T, respectively. Because the transition
timescale is much quicker than that of typical ISC, we concluded that the transition of the

first step of SF, S1—1(TT), in the NaPDBA aggregates occurs with a time constant of 2.65 ps.
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We also observed an increase in T1-T» absorption for ~7 ns in ns-TAS, which was assigned
to the ISC of monomolecularly dispersed NaPDBA (Figure 3-28). This implies that the system

consisted of a mixture of monomeric and dimeric NaPDBA, consistent with the MD

simulation.
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Figure 3-28. Overview of ns-TAS spectral evolution of (A) NaPDBA, (B) NaPDBA-BCD, and (C) NaPDBA-
YCD (excitation: 520 nm). (D)Kinetic traces of the transient absorption at 510 nm  from -10 ns to 20 ps. The
time constants of the rise components of Ti-T» absorption observed at 510 nm were 3.44+1.9 and 23+2.4 ns
for NaPDBA, 5.6+0.6 and 38+5.0 ns for NaPDBA-BCD, 2.6+1.7 ns for NaPDBA-yCD. The time constants of
the decay components of Ti-T» absorption observed at 510 nm were 0.081+0.062, 2.4+3.4 and 7342.8 ps for
NaPDBA, 0.585+0.558 and 58+3.7 us for NaPDBA-BCD, 0.0104+0.007, 0.2224+0.082 and 62426 ps for

NaPDBA-yCD. We confirmed that the population lifetimes were long enough to expect DNP.

For the NaPDBA-yCD complex, the TAS around 510-520 nm emerged rapidly after
photoexcitation concurrently with the broad absorption around 450-500 nm (Figure 3-26F-
H). This indicated prompt generation of the excited states containing !(TT) states character
owing to the stronger electronic coupling between the chromophores. The spectral shape of
the initial TA was also different from that observed for the bare NaPDBA aggregates. Note
that a significant red-shift of the TA peaks in the ps-time range was also observed, which
cannot be explained by simply assuming the inhomogeneous broadening owing to different
conformers of the NaPDBA-yCD complex. These observations can be explained by the model

of either (1) initial generation of the Si1-TT mixed adiabatic electronic states as suggested in
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the chromophores with strong electronic interaction 3% 5, or (2) simultaneous detection of
coherent and incoherent SF %2, which could result from the dynamic fluctuation and

inhomogeneity of the system.

Figure 3-26H-] show the results of the global fitting of the TAS assuming a three-
component sequential model. Although the third EAS resembles the spectrum of (TT)
observed in the bare NaPDBA aggregates, the first and second EAS components show
different spectral shapes from the EAS in the bare NaPDBA aggregates. Given that the
complexation with yCD results in the tightly packed dimer, we conclude as follows. Initial
transient absorption spectrum (EAS1) contains spectroscopic characters of both S: and TT
state because of strong electronic coupling between the adjacent pentacene moieties leading
to the mixed adiabatic state of S1 and }(TT) or rapid SF within the time resolution of our
system (~ 100 fs). Note that we denote the initial component as “[S1-TT]” to emphasize the
indistinguishably mixed character of the state indicated by the spectral shape. Consequently,
the transition to the hot }(TT) state ([Si-TT] — TT’) occurs in 0.79£0.01 ps via SF. Because
the timescale is likely quicker than the reorganization of the relative geometry of the paired
chromophores (e.g., excimer formation), further spectral change with a time constant of 96+1
ps occurs (denoted as TT"—TT! in Fig. 3L ]). To distinguish the whole mechanisms of the SF
in the NaPDBA-yCD system, more sophisticated spectroscopy, such as coherent two-
dimensional electronic spectroscopy, will be needed 33, which is beyond our focus in this
manuscript. Here we emphasize that the TAS successfully confirmed the generation of

Y(TT) accelerated by more than a factor of three compared to the bare NaPDBA system.
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Figure 3-29. Overview of fs-TAS analysis of NaPDBA-BCD in water-glycerol (1:1) at 143 K ([NaPDBA] =1

mM, [BCD] = 5 mM). (A) Pseudo-2D plots of experimentally observed fs-TAS (excitation: 600 nm), (B)
spectral evolution of the TAS, and (C) temporal change of transient absorption at selected wavelength and
fitting curve resulted from global analysis. (D) Evolution associated spectra and (E) corresponding

concentration kinetics obtained from global analysis with one transient.
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Figure 3-30. Overview of fs-TAS analysis of (A-C) NaPDBA water solution at room temperature, (D-F)
NaPDBA water solution with BCD, and (G-H) NaPDBA water solution with yCD. (A, D, G) Experimentally
observed fs-TAS (excitation: 400 nm). (B, E, H) Evolution associated spectra and (C, F, I) respective
concentration kinetics obtained from target analysis based on sequential models. While NaPDBA water
solution and one with yCD showed distinct Ti-Tx transition at 520 nm observed in a few picoseconds owing

to SF, one with BCD showed negligible SF indicated by the almost Si-like spectral feature of EAS2.
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In stark contrast, negligible SF was observed in the BCD complex (Figure 3-29), consistent
with the monomolecularly dispersed picture in which the inter-chromophore interactions
are significantly weakened by the complexation of a single NaPDBA molecule with two BCD
molecules (Figure 3-23). We also observed the behavior in NaPDBA systems in water at room
temperature (Figure 3-30), confirming that the dynamics is caused by complexation with

cyclodextrins.

Overall, we concluded that sub-ns T: generation due to SF occurs in the bare NaPDBA
dimers and NaPDBA-yCD complex, while the NaPDBA-BCD complex does not show
significant SF. Note that ns-TAS measurements of the NaPDBA and NaPDBA-BCD systems
also showed slower T1 generation due to ISC from S: to T1 (Figure 3-28. Additionally, fs-TAS
and ns-TAS showed subtle excitation wavelength dependences (details are in Figure 3-31).
This suggested that both aggregated and isolated NaPDBA coexisted in the water-glycerol
glass systems, and both SF-derived and ISC-derived triplets were generated with light
irradiation. It would be possible to selectively make dimers or multimers by introducing
functional groups to further control inter-chromophore interactions or by covalently

connecting chromophore units.
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Figure 3-31. Excitation wavelength dependence of fs-TAS. Low-temperature fsTAS (143 K) analysis of the
NaPDBA water-glycerol solution. ((NaPDBA] =1 mM). (A, B) fs-TAS of NaPDBA solution excited with (A)
620 nm, and (B) 527 nm; (C, D) fs TAS of NaPDBA-BCD excited with (C) 625 nm, and (D) 527 nm; (E, F) fs-
TAS of NaPDBA-yCD excited with (E) 600 nm, and (F) 527 nm. Because of strong scattering from pump

pulses, TA data around the pump wavelength were not available.
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* 3-3-3 Generation of quintet multiexcitons

Having concrete evidence of SF, we performed time-resolved ESR measurements to
evaluate the transient electron spin polarization of these supramolecular assemblies in
water-glycerol glass. The samples were prepared in the same way as for the TAS
measurements, except that glass capillaries were used. As expected from the SF found in the
NaPDBA-only assemblies and the NaPDBA-yCD complex, a signal derived from the quintet
was observed at a position where the peak width was about one-third that of the triplet

(Figure 3-32) % 13-16,
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Figure 3-32. Time-resolved ESR measurements of the supramolecular assemblies. Time-resolved ESR
spectra of (A) NaPDBA and (B) NaPDBA-yCD in water-glycerol (1:1) at 143 K ([NaPDBA] = 1 mM, [yCD] =
5 mM) just after photoexcitation at 527 nm and simulated spectra of (C) NaPDBA and (D) for NaPDBA-yCD,
attributing transitions between each energy level of the quintet in the ESR spectra. The fitting parameters of

the ISC-born triplet and SF-born quintet are summarized in Tables 3-1 and 3-2, respectively.
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These ESR spectra could be fitted as a quintet-triplet superposition. The spectra were
simulated using a geometric fluctuation model of the quintet multiexcitions between two
strongly coupled TT conformations (TTa and TTs) with similar orientations with different J-
couplings following previous reports > We assumed the conformations of the TTa and TTs
states to be parallel and slightly off parallel, respectively, for the vibronic effect of the J-
coupling in the dimers. Interestingly, the pentacene moieties were found to be oriented
parallel to each other to form the 3(TT) dimer, which agrees well with the MD simulations.
The fitting parameters are summarized in Tables S1 and S2. The |3(TT),), |°(TT),), and
|°(TT)_,) sublevels were found to be preferentially populated with the states S1 and (TT) in
both systems. The largest ESR signal was observed when the magnetic field (Bo) is parallel to
the pentacene backbone (Figure 3-33).
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Figure 3-33. (A) Mapping of the transverse magnetization at the field strength of “X, Y” in Fig. S22A from
the spin polarized ESR spectrum of 5TT state. (B) Mapping of the magnetizations for the field strength of “Z”
in Figure 3-34. The mappings of the magnetization were performed from the computations of electron spin

polarization'® for all possible directions of the external magnetic field as reported previously>> .
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In this orientation, other states such as 5(TT)2 and 5(TT)-2 are also populated, however, ESR
transitions involving °(TT)2 and 3(TT)2 have almost no contribution to this signal. To
demonstrate this point, we computed ESR spectrum of IT state obtained by the powder
pattern calculation with considering the spin populations in all the sublevels 5(TT)+2, 3(TT)+1,
5(TT)o, 3(TT)-1 and 5(TT)-= (Figure 3-34A) and the powder pattern with only by 3(TT)o — 5(TT)+
and by 3(TT)o — 3(TT)-1 contributions (Figure 3-34B). At the field strengths represented by
“Z” and “X, Y” in Fig. Figure 3-34A, the ESR transition intensities (transverse
magnetizations) by the quintet states are dominated by the resonances from the 3(TT)o
sublevels. The ESR transitions of 3(TT)o — 3(TT) +,1 occur at the outer magnetic field
strengths when the Bo is perpendicular to the aromatic planes from the electron spin
polarization imaging 5¢ in Figure 3-33B. On the other hand, the ESR intensity at the field
strength at “X, Y” in Figure 3-34A is dominated by the 3(TT)o — 3(TT) +1,1 resonances for Bo
directing to the pentacene backbone (Figure 3-33A). The isolated triplet is produced by the
ISC of a single pentacene unit, which also agrees well with the MD simulation and the TAS

results.

102



A z XY D

— :(n)+2
 — (Tr)+1

—@-5(TT),
E v _51T),

—(TT)

m<——>2

Transverse Magnetization

T T

I I |
280 320 360
Magnetic Field / mT

X1

Figure 3-34. (A) Computed ESR spectrum of °TT state obtained by the powder pattern calculation with
considering the computed spin sublevel populations in 5(TT)+2, 5(TT)+1, 5(TT)o, >(TT)1 and 5(TT)= in (D) both
of TTa and TTs states, by using the reported method!®. (B) Computed ESR spectrum of °TT state obtained by
the powder pattern calculation only by 5(TT)o — 3(TT)«1 and by 3(TT)o — 5(TT)-1 contributions in (D). (C)
Experimental ESR spectrum of NaPDBA (black line) and simulated ESR spectrum (green line) composed of
the blue line in (A) and of the isolated triplet state generated by the ISC. (E) Conformations of the TTa and
TTs states undergoing the mutual [-modulation between Ja =-5.0 T and Js = -0.8 T in the TTa and TTs,
respectively in the exchange-coupling (J). This model is used for the present calculations in the spin sublevel

populations and the magnetizations.
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On the other hand, even a few microseconds after the generation of 3(TT), no 3(TT)-like

ESR signal was observed, and the triplet retained its ISC-derived spectral shape. The ISC-

derived triplet and the 3(TT) signal are expected to be observed at similar magnetic field, but

the single-exponential decay of the triplet signal suggests that no observable amount of 3(TT)

was
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Figure 3-35. Time-resolved ESR spectra (A-C) and decays (D-F) of (A, D) NaPDBA, (B, E) NaPDBA-CD,
and (C, F) NaPDBA-yCD in water-glycerol (1:1) at 143 K ([NaPDBA] = 1 mM, [BCD] = [yCD] = 5 mM) just
after photoexcitation at 527 nm. Fitting parameters of simulated spectra (red lines in A-C) for ISC-born triplet
and SF-born quintet are summarized in Table 3-1 and 3-2, respectively. The results of single exponential

fitting is shown in D-E with corresponding decay times.
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The absence of 3(TT) was also supported by the calculated matrix elements of the absolute

magnitudes of the spin Hamiltonian based upon the TT geometry (Table 3-4).

5TT+2 5TT+ 5TTo 5TTa 5TT2 STT+ 3TTo 3TTa ITT

5TT+2
5TTw
5TTo

5TT=
5TT-2
TTw
3TTo

3TT
ITT

3.9231  0.0004 0.0001 0.0000 0.0000 0.0010 0.0007  0.0000 0.0345
0.0004 3.3931 0.0002 0.0001 0.0000 0.0016 0.0007  0.0005 0.0019
0.0001  0.0002 2.8395 0.0002 0.0001 0.0012  0.0000 0.0012  0.0343
0.0000  0.0001  0.0002 22637 0.0004 0.0006  0.0007 0.0015 0.0018
0.0000  0.0000  0.0001 0.0004 1.6676  0.0000  0.0007  0.0010 0.0379
0.0010  0.0016  0.0012  0.0005  0.0000 22371  0.0003 0.0001  0.0000
0.0007  0.0007  0.0000 0.0007 0.0007 0.0003 2.8485  0.0003  0.0000
0.0000  0.0006  0.0012 0.0015 0.0010 0.0001  0.0003 3.3665  0.0000
0.0345 0.0019 0.0343 0.0018 0.0379  0.0000  0.0000  0.0000  5.6349

Table 3-4. Matrix elements of the magnitudes (10" rad/s) of the spin Hamiltonian of [abs(Hrrs)] calculated
for the TTs state with the Bo direction of (&8, ¢ = (90°, 45°)) of the external magnetic field in the (X1, Y1,
Z1) coordinate in Figure R1 in the presence of the exchange coupling of /s =-0.8 T.

While the interaction between the 5TT and 'TT is large for generating 5TT,, and °TTo with the coupling
values of 3.5x10° rad/s, the interactions between 3TT and 'TT is zero. Also, the interactions between 5TT and
STT minor being ca. 108 rad/s. Thus, the generations of the °TT states are neglected in the present multiexciton.
It is thus concluded that the 3TT is not created from the quintet multiexciton in the presence of the strong

exchange coupling.

The ESR spectra in Figure 4 did not show the characteristic A/E/A/E spin polarization
pattern of the triplet dissociated from 3(TT)o ¥, suggesting that the contribution of the
dissociated triplet is almost negligible. This is consistent with the DLS and MD simulation
results that NaPDBA forms dimers in water-glycerol and does not form larger aggregates.
The polarization lifetime of the quintet of NaPDBA aggregates and the NaPDBA-yCD
complex were 5.5 and 1.8 us, respectively (Figure 3-35D, F), and was determined by the
deactivation of the multiexcitons as observed in the ns-TAS (Figure 3-28D). This time
constant is sufficient to transfer the polarization to the nuclear spins by microwave
irradiation. It is notable that the SF-derived polarization was long enough in the water-
glycerol glass, the most important matrix towards the biological applications of DNP. The
ESR spectrum of the NaPDBA-BCD complex showed only the ISC-derived triplet signal and
no quintet signal (Figure 3-35B).
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* 3-3-4 DNP using quintet electron spin polarization

DNP was then performed using the polarized electron spins produced in these
supramolecular assemblies. The integrated solid effect (ISE) sequence was used for the DNP

experiments (see Figure. 3-1B, C, 3-36) 3! %,

Nuclear spins in laboratory frame Electron spins in rotating frame

B()

wy = YuB,

)

Werf = YeBess

o Besy

Wy = We ff
Hartmann-Hahn matching condition

Figure 3-36. Schematic illustration of the Hartmann-Hahn matching condition. The nuclear spins precess

with the Larmor frequency wy around the external magnetic field B, in the laboratory frame. The electron

spins precess around the effective magnetic field By = /Blz + AB? with the frequency we = yeBerr in

the rotating frame, where B; is the power of the irradiated microwave perpendicular to the external
magnetic field, AB is the offset between wgy and wyw (AB = (Weo — wyw)/Ve).- When the Hartmann—

Hahn matching condition wy = w,ff is satisfied, the polarization transfer occurred most efficiently 3 5560,

The sequence starts from laser irradiation to produce the polarized electron spins. Then,
microwave and magnetic field sweep are applied simultaneously. By matching the Rabi
frequency of electron spins and the Larmor frequency of nuclear spins (proton in this
experiment) under the microwave irradiation, the electron spin polarization can be
transferred to nuclear spins. This is called as Hartmann-Hahn condition (y,B; = yyBy),
where y,,yy is the gyromagnetic ratio of the electron and proton spin, respectively. B, is
the external magneticfield, and B; is the oscillating magnetic field by microwave irradiation.
Note that B; is applied perpendicular to B, and proportional to the square root of
microwave power. Due to the broadening of ESR linewidth by hyperfine coupling and
different molecular orientations, only a small fraction of spin packets can satisfy the
Hartmann-Hahn condition at a time. One of the solutions of this problem is to use the ISE

sequence that sweeps the external magnetic field during the microwave irradiation, so that
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more spin packets can be used for the polarization transfer. The transferred polarization is
automatically diffused throughout the sample by dipolar interaction between proton spins.
By repeating the above sequence, the proton polarization builds up while balancing with the

spin-lattice relaxation.

The samples were prepared in a similar way as for the TAS and ESR measurements using
a 5-mm ESR tube. To selectively polarize protons of water molecules and extend the spin-
lattice relaxation time of 'H, we used a solvent mixture of deuterated glycerol, D20, and H2O
in the volume ratio 5:4:1. The DNP sequence shown in Figure. 3-1C was performed with a
central magnetic field of 629 mT, the field corresponding to the quintet ESR peak. The sweep
range of the magnetic field was about 10 mT (Figure 3-7). We note that different magnetic
fields were used for ESR and DNP. ESR was measured at a resonance frequency of 9.0 GHz
to compare with common X-band data, while DNP was measured at 17.3 GHz, the frequency
at which microwave amplifiers are available as high as possible to increase the T1 of 'H.
Remarkably, an increase in the 'H NMR signal intensity was clearly observed for the
NaPDBA-only assemblies and the NaPDBA-yCD complex at a position corresponding to the
5(TT)y — >(TT); ESR peak (Figure 3-37A-D ,3-38). However, this enhancement was not
observed in the NaPDBA-BCD complex, which did not show the quintet-derived signal.
Since ISE sequence was carried out for 10 us, the ESR spectrum integrated for 10 ps after
photoexcitation was compared to the DNP profile. With NaPDBA and NaPDBA-yCD, signal
enhancement of 30% and 46% was observed in the magnetic field (629 mT) corresponding to
the quintet ESR peak compared to the magnetic field of 641 mT for NaPDBA and 639 mT for
NaPDBA-yCD corresponding to the triplet ESR peak, respectively (Figure 3-37C, D). On the
other hand, with NaPDBA-3CD, this ratio was remarkably low (7%), supporting the absence
of quintet-induced DNP (Figure 3-37). The emissive enhanced NMR peaks were observed by
using emissive quintet ESR peak for NaPDBA and NaPDBA-yCD. Meanwhile, no emissive
NMR peak was observed for NaPDBA-BCD at the magnetic field corresponding to the
emissive quintet ESR peak. There was an approximate correlation between ESR and DNP
profiles, confirming that DNP was performed using triplets and quintets, respectively.
Although triplet gave the larger DNP effect than quintet in the present system, it is possible
to suppress the formation of triplet by selectively synthesizing dimers, and it would be
possible to improve the quintet DNP performance more by selectively generating 5(TT)o
among the quintet sublevels by controlling the orientation of the dimers relative to the
magnetic field 2. These results indicate that nuclear hyperpolarization of water molecules

was successfully achieved using SF-derived quintet electron polarization for the first time.
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Figure 3-37. DNP using SF-born quintet electron spin polarization.

(A), (B) 'H-NMR signals under thermal conditions (black lines, 5 scans every 10 min) and after quintet-DNP
(red lines, ISE sequence for 5 min, 1 scan) of water-glycerol (glycerol-ds:D20:H20 = 5:4:1) containing (A)
NaPDBA and (B) NaPDBA-yCD at 100 K ([NaPDBA] = 1 mM, [yCD] = 5 mM). The photo-excitation
wavelength and frequency were 527 nm and 500 Hz, respectively. DNP was performed by matching the
magnetic field to the quintet peaks. The microwave power and frequency were 20 W and 17.30 GHz,
respectively, the laser powers were 2.7 W for (A) and 1.5 W for (B). The magnetic field sweep width was 10
ps. Magnetic field dependence of the signal intensity of the 'H NMR by DNP and time-resolved ESR spectra
in water-glycerol containing (C) NaPDBA, (D) NaPDBA-yCD, and (E) NaPDBA-BCD ([NaPDBA] =1 mM,
[BCD] = [yCD] = 5 mM). Water-glycerol glass (glycerol-ds:D20:H20 = 5:4:1) was used for the DNP
measurement at 100 K. ISE sequence for 20 s (C, E) and 30 s (D) and 1 scan; microwave power and frequency
were 20 W and 17.25 GHz, respectively; laser power: 1.5 W; magnetic field sweep width: 10 ps. Water-
glycerol glass (glycerol:H20 = 5:5) was used for the time-resolved ESR measurements at 143 K. ESR spectra
were integrated for 10 ps after photoexcitation in order to compare the DNP profile with the ISE sequence
for 10 ps. (F) Microwave power dependence of DNP enhancement. The gray dashed line indicates the
microwave power when the 'H-NMR signal is at its maximum. The red arrow indicates the peak top shift
from triplet-DNP to quintet-DNP. Triplet-DNP was performed at 27.4 MHz (ISE sequence for 10 s and 4
scans with a laser power of 2.7 W, microwave frequency of 17.30 GHz and sweep width of 25 pus). Quintet-
DNP was performed at 26.9 MHz (ISE sequence for 10 s and 10 scans with a laser power of 2.7 W, microwave

frequency of 17.30 GHz and sweep width of 10 us).
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Figure 3-38. "H-NMR signals of under thermal conditions (black lines, 5 scans every 10 min), after quintet-
DNP (blue lines, ISE sequence for 5 min, 1 scan), and after triplet-DNP (red lines, ISE sequence for 5 min, 1
scan) of water-glycerol (glycerol-ds:D20:H20 = 5:4:1) containing (A) NaPDBA, (B) NaPDBA-BCD, and (C)
NaPDBA-yCD at 100 K ([NaPDBA] = 1 mM, [BCD] = [yCD] = 5 mM). Photo-excitation wavelength and
frequency were 527 nm and 500 Hz, respectively. DNP was performed by matching the magnetic field to the
triplet (27.4 MHz (A,B), 27.3 MHz (C)) and quintet peaks(26.9 MHz (A, C)), respectively. Microwave power:
40 W (triplet), 20 W(quintet); laser power: 2.7 W (A, B), 1.5 W (C); magnetic field sweep width: 25 us (triplet),

10 us (quintet).

The difference in the obtained 'H polarization enhancement depends on several factors
including the generation efficiency and polarization ratio, the polarization lifetime, and the
spin-lattice relaxation of the nuclear spins around the polarizing agents. In the NaPDBA-
only sample, there was a 20-fold enhancement at the quintet ESR peak (Figure 3-37A). A
smaller enhancement of 6.5-fold was observed for the NaPDBA-yCD complexes (Figure 3-
37B). The signal-to-noise ratio of the ESR spectra of NaPDBA and NaPDBA-yCD is very
different, which suggests that the ESR intensity mainly affects the enhancement factor, but
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the difference in polarization lifetime may also have an effect. The lower enhancement factor
of the NaPDBA-yCD complex was probably due to the triplet deactivation caused by triplet-
triplet annihilation (TTA) between neighboring pentacenes, as observed in ns-TAS (Figure
3-28). The fact that the ESR could be fitted using similar rate constants also supports this
inference. This indicates the importance of proper arrangement and interaction between
pentacene units. Further support for this is that the build-up time was slowed down to the
same level as the spin-lattice relaxation time only for the NaPDBA-yCD complex (Figure 3-
39, 3-40). This suggests that not enough electron spin polarization was produced for DNP,
as shown by the lower ESR signal-to-noise ratio compared with the NaPDBA-only sample,
showing that many triplets are deactivated in the strongly interacting pentacene dimer
(Figure 3-35A,C).
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Figure 3-39. Decay of 'H NMR signal after triplet-DNP of water-glycerol (glycerol-ds:D20:H20 = 5:4:1)
containing (A) NaPDBA, (B) NaPDBA-BCD, and (C) NaPDBA-yCD at 100 K ([NaPDBA] = 1 mM, [BCD] =
[YCD] = 5 mM). Triplet-DNP was performed at 27.4 MHz (ISE sequence for 30 s and 1 scan; microwave
power: 40 W; laser power: 1.5 W; magnetic field sweep width: 25 us). The results of single-exponential fitting

are shown as red lines.
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Figure 3-40. Polarization build-up curves of triplet-DNP and quintet-DNP of water-glycerol (glycerol-
ds:D20:H20 = 5:4:1) containing (A) NaPDBA, (B) NaPDBA-BCD, and (C) NaPDBA-yCD at 100 K ([NaPDBA]
=1 mM, [BCD] = [yCD] = 5 mM). Photo-excitation wavelength and frequency were 527 nm and 500 Hz,
respectively. Triplet-DNP was performed at 27.4 MHz (A, B) and 27.3 MHz (C) (1 scan; microwave power:
40 W; laser power: 2.7 W (A, B), 1.5 W (C); magnetic field sweep width: 25 ps). Quintet-DNP was performed
at 26.9 MHz (1 scan; microwave power: 20 W; laser power: 2.7 W (A, B), 1.5 W(C); magnetic field sweep

width: 10 ps). The results of single-exponential fittings are shown as red lines.
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We then checked the dependence of the microwave intensity irradiated during the DNP
sequence using the quintet and triplet electron spin polarizations (Figure 3-37F). The NMR
signal was found to be maximized at a weaker microwave intensity with the quintet than
with the triplet. This is because the Rabi frequency of electrons in the quintet state is V3
times higher than that in the triplet state 17, and the Hartmann-Hahn condition is accordingly
shifted. This result further confirmed that the SF-derived polarized quintet state is
successfully utilized for the DNP application.

3-4 Conclusion

In this study, we have demonstrated the potential of SF as a “polarized spin generator” in
DNP of water molecules. We have created three supramolecular systems with different
interactions between pentacene units using the identical complex of NaPDBA with p/yCD.
SF was observed for the NaPDBA-only assemblies and the NaPDBA-yCD complex in water-
glycerol glass, where the pentacene skeletons are close to each other. The promising potential
of SF as a polarization source was indicated by the preferential population of the |°(TT),)
sublevel at a particular resonance magnetic field strength. The magnetic field dependence
and microwave intensity dependence of DNP ensure that nuclear polarization was enhanced
using quintet-derived polarization. Our findings indicate that the enhancement factor of
DNP varies with assembly structure, indicating the direction of further optimizations. The
remaining challenge for selective formation of the 5(TT)o state is to orient the chromophores
with respect to the magnetic field, which would be achieved by using an orienting agent or
by orienting dispersed nanocrystals ¢ ¢2. Until now, the application of SF has been mainly
limited to the field of energy. This study opens a new potential application of SF to quantum
biotechnology, and will accelerate the development of quantum sensing and quantum

information science based on the unique multiexcitons exhibited by organic chromophores.
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Chapter4

Conclusion

4-1 Conclusion of all the chapters

The first chapter of this thesis provided an introduction to the principles and research
background of the various unique properties of photoexcited triplet state and the various
functions such as TTA-UC, triplet-DNP, and singlet fission using these properties. In these
fields, many physicists have made great efforts, but there have been limited examples that
focuses on supramolecular systems rather than single molecular units to utilize these
functions. In this paper, we discuss the concept of applying supramolecular chemistry to
these triplet functions to solve various problems involving triplet state.

Chapters 2 describes the supramolecular system that incorporates the functions of TTA-
UC. Chapter 2 describes the first TTA-UC from visible light to UV light under practical
conditions of air-saturated water. In this system, a dense supramolecular assembly of
amphiphilic acceptors, donors, and fatty acids prevents the inactivation of the triplet state by
preventing the diffusion of oxygen molecules.

Chapter 3 describes the first example of water molecule hyperpolarization based on
electron spin polarization generated by singlet fission. In this system, we focused on the
pentacene skeleton, which is used in both triplet-DNP and singlet fission. In triplet-DNDP,
dispersion of pentacene derivatives is usually required, while in singlet fission, aggregation
is required. In this study, the pentacene skeleton, which is insoluble in water, is dispersed in
an aqueous solvent by imparting hydrophilicity to it, and the aggregation structure is
controlled by the addition of cyclodextrin. The supramolecular assemblies of pentacene
derivatives obtained in this way were subjected to ESR measurements in a glass of aqueous
solvent, and in addition to the triplet-derived peak, a quintet-derived peak suggestive of a
singlet fission was observed. By transferring the electron spin polarization of the triplet and
quintet to the nuclear spin of the water molecule by DNP, we succeeded in sensitizing the
NMR signal of the water molecule nearly 70-fold. Furthermore, the electron spin Rabi
frequency of the quintet is larger than that of the triplet, indicating that DNP can be

performed at a weaker microwave intensity than conventional triplet-DNP.
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4-2 future remarks

TTA-UC

We have succeeded in solving some of the problems in the practical application of TTA-
UG, such as the deactivation of TTA-UC luminescence in the presence of oxygen and the
aggregation of donor molecules in solids, by using a supramolecular approach. As typified
by donors and acceptors, TTA-UC is a process via multiple components, and therefore,
material design based on supramolecular chemistry, which combines and controls multiple
molecules, is proved to be effective. The molecular structure of the dye itself is being further
studied by many researchers, and materials that exhibit high quantum yields and low I in
various wavelength ranges are being developed. It is expected that the supramolecular

chemistry approach will be actively pursued for these materials in the future.

Triplet-DNP

We used a supramolecular approach to disperse pentacene derivatives in aqueous solvents
and successfully sensitize the NMR signal of water molecules. The mixture of water and
glycerol used in this study is widely used in the bio-application of DNP based on radicals,
and this is the first time that triplet-DNP has been successfully applied in this mixture. This
is the first time that triplet-DNP has been successfully demonstrated in this solvent mixture.
This result is an important advance in the application of triplet-DNP to biological fields such

as MRI and protein analysis.

Singlet fission

The supramolecular approach was used to control the aggregation state of pentacene
derivatives in aqueous solvents, and the singlet fission was successfully observed. In this
system, the electron polarization generated by the singlet fission is evaluated using time-
resolved ESR. By using the observed quintet-derived electron polarization for DNP, we
succeeded in DNP with weaker microwave intensity than conventional triplet DNP. This
result is of great significance for the use of the singlet fission process for DNP. There are very
few examples of the application of singlet fission to DNP, and it is expected that the fusion

of these fields will be greatly developed in the future.
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