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Chapter 1

General Introduction

1.1 Photo-Functional n-Conjugated Organic Materials

Functional organic dyes have attracted great attention in terms of organic solar cell
(OSC), organic light emitting diode (OLED), chemical sensors, bioimaging materials,
security protection, and organic mechanoluminochromic materials because of a flexible
and low-cost material. Especially, phosphorescent materials have been regarded as
useful luminescent materials and they are promising for room-temperature emissive
materials with long lifetime and with higher quantum yield.* ™

Expanded porphyrins are known to show considerably red-shifted absorption bands
relative to those of porphyrins due to their larger n-conjugation networks.**** They
have attracted great attention as functional dyes, nonlinear optical materials, multi-metal
ligands, stable organic radicals, and aromatic and/or antiaromatic molecules.'?*3
Importantly, some expanded porphyrins have been shown to take on twisted
conformations showing the Mébius aromaticity or antiaromaticity.*******% In Mobius
aromatic molecules, the w-orbitals are lying along twisted topologies with phase
inversion of the macrocycle like Mébius strip.*®?°

In the functional materials including the OLEDs, triplet state is important from a
perspective of exciton formation. Namely, when the charge carriers recombine, triplet
exciton is produced up to 75% while singlet exciton formation efficiency is restricted to
25%.2%* And also, in these systems, the charge transfer (CT) interaction between the

donor and the acceptor molecules, and the distance between the guest and the host in the

exciplex affects the efficiency of the electron transfer or the energy transfer.”> In order



to control of the photoluminescent and electroluminescent properties, the clarification of
the electronic structure of phosphorescent compounds in the excited triplet state at

room-temperature is needed.

1.2 Transition Processes between Ground and Excited States

When a molecule absorbs light, the molecule becomes an excited state. Then the
molecule returns to its ground state going through some processes, such as radiative
decays and nonradiative decays. The electronic energy levels of the molecule and
its transitions are shown in Figure 1.1. If a molecule in the ground state absorbs
light energy, the molecule is transitioned to an excited singlet state. This transition
occurs by absorbing light of a specific wavelength and this transition is
peculiar to a substance. While a molecule in the excited state loses the energy going
through radiative decay and/or nonradiative decay. One of the radiative decay process is
fluorescence. This proceeds when the electron in the excited state emits light returning
to its ground state. The other radiative decay process is phosphorescence. This occurs
when the electron in the excited singlet state is transitioned to an excited triplet state
that energy level is lower by intersystem crossing (ISC), in which two electron spins are
parallel.

Phosphorescence emission is a spin-forbidden radiative decay process from the
lowest excited triplet state (T;) to the ground state (Sp), while the fluorescence emission
is the spin-allowed radiative relaxation process from the lowest excited singlet state (S;).
In the metal-free organic phosphors, the nonradiative process dominates the relaxation
processes due to the rate of radiative phosphorescence is slow, because of molecular

motion and molecular collision in the solution and/or at room-temperature, and the



excited triplet sate is quenched by oxygen (O,) molecule.?**

In general, the triplet lifetimes for phosphorescent organic compounds are in the
orders of 10° — 10" s whereas the fluorescence lifetimes are in the orders of 10 — 10°°
s for fluorescent organic molecules.* However, the quantum yield of the phosphorescent
emission from the organic compound is very limited relative to the inorganic and
organometallic materials because of a weak spin-orbit coupling. So, precious metals

have been used for facilitating the rate of phosphorescence (SOC).1034%

1.3 Room Temperature Phosphorescent Organic Crystals

Precious-metal-free phosphors that exhibit highly efficient room temperature
phosphorescence (RTP) have attracted great attention as new photofunctional materials
because of a low-cost and flexibility. The pure organic RTP materials have been widely
promising for organic light-emitting diodes (OLED), time-resolved bioimaging
materials and molecular sensing materials due to highly efficient luminescence.”?!384

To achieve the highly efficient phosphorescent emission at room temperature, the
intersystem crossing (ISC) from the S; state to the T, state needs to be faster than
fluorescence that is a spin-allowed radiative transition from the S; state to the Sy state
and the nonradiative internal conversion (IC).**%**" However, it has been quite difficult
for the organic compounds to emit RTP efficiently because of the slow ISC rate. So,
generally, most RTP materials are composed of inorganic or organometallic molecules
containing precious-metals such as iridium or platinum because of strong spin-orbit
coupling (SOC) rather than organic compound.®*

In recent years, organic crystals and co-crystals with long lived emission lifetime

over the millisecond-order and with high quantum yield at room-temperature have been



reported.****°! Then, controls of the emission color and the lifetime have been
successful for tuning the emission properties.*” These luminescent properties have been
achieved because of a restriction of molecular vibrations, molecular collisions, and
oxygen quenching thanks to the aggregation and the crystallizations. The long-lived
emissions of these organic crystals were assigned to the phosphorescence. Thus,
crystallization, solid state, and aggregation,**°%***®* and in addition the hybrid
excited-state configurations ((n, n*) and (n, n*) configurations) are the key factors for
archiving the persistent efficient pure organic RTP, with a help of the theoretical
calculations.>*>® Moreover, heavy halogen atoms such as iodine and bromine play an
important role in the metal-free pure organic RTP materials to accelerate I1SC to
effectively generate T state due to heavy atom effect on the SOC and to suppress the
molecular motion due to intermolecular halogen-bonding interaction in the RTP crystals.
The function and the mechanism of the room-temperature phosphorescence have been
studied,®® however, detailed electronic structure has not been understood yet. In fact,
phosphorescent triplet state has not been directly observed at room-temperature very
much. There is another radiative relaxation process causing the long lifetime, that is, the

thermally activated delayed fluorescence (TADF).%*

1.4 Electron Spin Resonance (ESR) / Electron Paramagnetic Resonance (EPR)
Electron Spin Resonance (ESR) is a spectroscopic method for studies of
paramagnetic species. ESR is often called Electron Paramagnetic Resonance (EPR) with
almost the same meaning. This method uses magnetic properties of electrons. The
method of EPR is related to that of Nuclear Magnetic Resonance (NMR) which uses

magnetic properties of nuclei. EPR method is used in systematic studies of transition
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metal salts to research on complex biochemical systems. And tracking and identifying
free radicals and their reactions followed both in the liquid and the solid state. Here free
radicals are the molecules with unpaired electron. In the most commonly used EPR
device, the microwave technique in the frequency range of 9-10 GHz is ordinarily used.
EPR spectrum is acquired when continuous wave (CW) EPR sweeps the magnet field.
The paramagnetic species are clarified by measurements of the g-factor at the center of
the spectrum and line splitting result from hyperfine structure due to nuclear spin.®®

When the free electron and the unpaired electron have an angular momentum by
orbital motion and spin, the magnetic moment appears with them. The magnetic
moment is affected from a magnetic field. When a molecular with an unpaired electron
or a radical is applied an external magnetic field, the spin of the unpaired electron can
align in two different energy levels generating two spin state by Zeeman effect. The
magnetic moment of radical can be either parallel to the direction of applied magnetic
field corresponds to the lower energy state or antiparallel to the direction of applied
magnetic field corresponds to the higher energy state. The two energy levels have
different energies, as shown in Figure 1.2. This difference in energy (AE) is given by
Bohr frequency condition:

AE = hv = gfBo (1.2
where, h, v, and g are the Planck’s constant, the microwave frequency, and the Bohr
magneton, respectively, and these parameters are invariable during the experiment.
g-factor is inversely proportional to By. The g-factor for a free electron is 2.0023.

The magnetic field modulation method is used in the EPR measurement for the
purpose of reducing noise and observing the EPR spectrum with high sensitivity.

Therefore EPR spectrum is observed as a differential waveform against the spectrum
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from the spectroscopic device is observed as an absorption wave pattern.®®

In a time-resolved EPR (TREPR) method, EPR signal is tracked along the time axis.
A continuous type microwave, a pulse light source, and a wide band amplifier are
prepared in this method. TREPR method is used to detect intermediate products
generated by a pulsed light in nanosecond region to microsecond region. Then
short-lived paramagnetic species generated by photochemical reaction can be observed
and identified without magnetic field modulation.®® In TREPR measurements, the
short-lived paramagnetic species or radicals are not in the thermal equilibrium or in the
thermal polarization instantly after generation. And there is a great difference between

each population. Therefore EPR line is given in emission rather than absorption.

1.5 Goal and Outline of This Study

The goal of this study is to understand the photoinduced functionality of the excited
triplet states in n-conjugated systems. Efficient conversion and storage of light energy
and electrical energy have been the greatest challenges in the field of solar energy
technologies. This is inspired by biological photosynthetic systems that convert photon
energy into other stable forms of the energy storage. The principles of energy migration,
energy transfer, and electron transfer of the excited singlet and excited triplet states in
the intramolecular and intermolecular systems encouraged ones to develop
photofunctional systems. Then, organic compounds and their self-assemblies such as
n-conjugated and supramolecular materials are one of the candidates for the
photofunctional solid-state materials that can absorb and emit wide range of photon
energy similar to solar energy. As mentioned above, especially, excited triplet state plays

an important role to efficient energy migration, energy transfer, and electron transfer in
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terms of controls for quantum yield and lifetime. Thus, it is important to understand the
mechanism and the electronic structure that contribute photoinduced functionality of the
excited triplet states in the rm-conjugated systems. In order to reveal the main purpose,
time-resolved EPR (TREPR) method was utilized in combination of UV-vis absorption
spectroscopy, and theoretical calculations.

In Chapter 4, the electronic character of the lowest excited triplet (T;) state of a
Mobius aromatic [28]hexaphyrin was elucidated by employing a TREPR method with
applied magnetophotoselection measurements at 77 K. Mobius aromatic molecules have
attracted great attention as new functional materials because of their n-orbital cyclic
conjugations lying along the twisted Mobius topology. Electronic structure in the
Mobius strip ring of the T, state revealed by analyses of the EPR parameters is
discussed. And deactivation process of the T, state is also discussed with respect to the
electronic configuration and aromaticity/antiaromaticity.

In Chapter 5, the excited triplet state of the organic inclusion crystals consisting of
host and guest molecules with halogen (Br and 1) atoms were observed using a TREPR
method at room temperature. Organic inclusion crystals having Br atom in a guest
molecule showed longer-lived emission-lifetime over the milliseconds-order and with
higher quantum yield at room-temperature than those without Br and | atoms. The
electronic structure, the emission mechanism, and the ISC mechanism clarified by the
EPR parameters are discussed. The degree of the intermolecular interaction between the
host and the guest estimated by the EPR analyses in combination with the results of the

electrochemical measurements of the host and guest molecules is also discussed.
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Chapter 2
Theory

2.1 Electron Spin Resonance (ESR)*

A paramagnetic species includes atoms, molecules, or ions with permanent magnetic
dipoles. In the case of the hydrogen atom that contains a single electron, a magnetic
dipole p arises by the motion of the electron about the nucleus. Figure 2.1 shows an
illustration relationship between angular momentum of the electron moving around the
nucleus and magnetic moment. For a current loop (1), it has u = I-A (A is enclosed area
of the current loop). The current is decided by the electronic charge (-e) and speed (v).
For a circular orbit, the enclosed area is A = nr?, the current | = -e-v/(2xr). The magnetic
moment becomes p = -ev-r/2nr = -e-L-r/(2m¢), where L is the orbital angular

momentum of the electron, which can be written in vector as:

e

n=— L (2.1)

2m,

The angular momentum of atoms is quantised and can only take the discrete values

L =%1/l(l+1) 2.2)

where h is the Planck constant and | is the orbital quantum number that can take the
values 0, 1, 2, ...... Also the components of the vector L are quantised. For the z

component, it has:
L= %mz, m =+l +(1-1), +(—2),....£1,0 (2.3)

The energy En, of a magnetic dipole in a magnetic field (B) directed along z is given by

the product as a Bohr magneton:

eh
4TTM,

Em=-n-B=pug-B-my,upg = (2.4)
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Thus, the energy becomes split in (21+1) levels.

Atoms having an odd number of electrons are paramagnetic. On the contrary,
chemical species are diamagnetic in most instances. An s-orbital (I = 0) can include two
electrons with different spins, ms =+1/2. Three p-orbitals (I = 1) have different m; =£1, 0.
Each can include two electrons with different spins. The ions obviously have completely
filled electron shells. Closed shells cannot possess spin angular momentum, because the
electrons with different spins are paired. There is not angular momentum as well.

Free radicals are molecules that have been modified to include an unpaired electron,
and they are paramagnetic. Most free radicals are unstable, and they appear as
intermediate products in various chemical reactions. Under suitable conditions, free
radicals can have sufficient lifetime to be observed in the liquid. In the solid state, free
radicals can become stabilized almost indefinitely in many materials.

Triplet state molecules include two unpaired electrons with parallel spins. For
example, triplet state molecules can be generated by irradiation with UV and visible
light, so the energy of these becomes excited. The total spin quantum number is S = 1
(1/2+1/2).

The hydrogen atom in the ground state has | = 0, yet it is paramagnetic, because the
spin angular momentum (S) of the electron cause a magnetic moment similar to that

from the orbit. The spin angular momentum is quantised as well and has the magnitude:

S =556+ D) (25)

where s = 1/2 for an electron. The energy in a magnetic field becomes:
E,, = gugBmg, -mg=+1/2 (2.6)
where g is g-factor. Thus, the energy becomes split in (2s+1) = 2 (Zeeman levels) as

shown in Figure 2.2. A transition between the two Zeeman levels can be induced if the
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system takes up energy in the form of electromagnetic radiation of a suitable frequency
(v). Then the resonance condition applies:

hv = Ep,(mg = 1/2) — E,,(img = —1/2) = gugB (2.7)
The frequency is usually maintained constant, and the magnetic field strength is varied
so that resonance occurs. Then the system will absorb energy from the electromagnetic
field, which includes both an electric and a magnetic component. The magnetic dipole
transitions are induced by magnetic field vector (B1). Figure 2.3 represents classical
model how this field is oriented perpendicular to the static field (B), in contrast, the B,
field vector rotates about the direction of static field (B). The magnetic moment
precesses about the static field (B) with an angular frequency (@ = e/(2me)-B), the
Larmor precession of the electron spin magnetic moment (@ = g e/(2m¢)-B = »B),
where the gyromagnetic ratio y has been introduced. When the rotating magnetic field
follows the magnetic moment, resonance occurs, giving a torque that makes the moment

flip its orientation, namely when v =v_ (or @ = @; @ = 21v).
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Figure 2.1. Classical model representing relationship between angular momentum (L =

me-v-r) of electron (e) moving around a nucleus (N) and magnetic moment ().

Figure 2.2. Zeeman splitting of energy levels of an electron placed in a magnetic field
(B).
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Figure 2.3. Larmor precession of magnetic moment (p) about stationary field (B).
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2.2 Spin Polarization?

Resonance absorption can be detected only if there is a population difference between
the two spin levels. When the number of species containing N spins are placed in a
steady magnetic, and there are N; spins in the lower state and N, spins in the upper state
(N; + N, = N) as shown in Figure 2.2, there is a slight excess of spins in the “1” state in
thermal equilibrium. At equilibrium, the ratio is

% — e—AE/kT — e—g,uBB/kT (2.8)
1

predicted by the Boltzmann distribution. The spin state changes from the lower to the
higher state by the absorption of energy from microwave at resonance. If the energy of
the higher state could not be released, the number of species in the two states would
rapidly become equal (N; = N,). At ordinary temperature, gugB << kT, and the
Boltzmann factor gugB/KT is approximately 1+ (gugB/kT). The populations of the spin

states are almost equal, then

_l gupB _ l _guBB _ _ gupB
Nl_zN[1+2kT]’N2_2N[1 ZkT]'NZ Ny = 2kTN (2.9)

are given. To obtain the strong EPR signal, AE must be large, and the sensitivity

increases with increasing energy difference AE, namely, the microwave frequency.
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2.3 Excited Triplet State®*

Triplet states are important intermediates of organic chemistry, and the various triplet
molecules are available via photochemical excitation techniques. A molecule exists in a
triplet when its total spin angular momentum quantum number S =1. A triplet state is a
paramagnetic even-electron species that possesses three distinct but energetically
similar electronic states in consequence of the magnetic interaction of two unpaired
electron spins. Thus, a triplet should display paramagnetic in a magnetic field. This
paramagnetism serves as the basis for experimental magnetic susceptibility and electron
spin resonance studies of the triplet state.

A triplet may result whenever a molecule possesses two electrons that both orbitals
are unpaired and spins are unpaired. Orbital unpairing of electrons results when a
molecule absorbs a photon of UV or visible light. Direct formation of a triplet as results
of this photon absorption is a very improbable process because both orbit and spin of
the electron would have to change simultaneously. Thus, a singlet state is generally
formed by absorption of light. However, quite often the lifetime of this single state is
sufficiently long to allow the spin of one of the two electrons to invert, thereby
generating a triplet as shown in Figure 2.4. Some of the important physical properties of
a molecule in the triplet state are paramagnetism, absorption between triplet sublevels,
electronic absorption from the lowest triplet to upper triplets, and electronic emission
from the lowest triplet to a lower singlet ground state if the triplet level is not the ground
state.

The paramagnetism of the triplet caused by the interaction of unpaired spins and the
fact that an unpaired spins represents a paramagnetic effect in a magnetic field.

Absorption between triplet sublevels would be observed directly by using an electron
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spin resonance spectrometer. For most organic molecules, the lowest triplet state is an
excited electronic state and may emit light and pass to the ground singlet state. Because
light absorption to generate a triplet from a singlet is improbable, the symmetrically
related emission of light from a triplet retuning to a ground state is likewise improbable.
This phenomenon is known as phosphorescence and it is to be contrasted with
fluorescence, the emission of light from an excite singlet state retuning to a singlet
ground state. Phosphorescence that shows long-lived emission was the first method
employed to study triplets. Even paramagnetism is not an infallible for a triplet state
because free radicals which are also paramagnetic are often generated by the absorption
of light. Electron spin resonance (ESR)/electron paramagnetic resonance (EPR) is the
most powerful method for establishing that a molecule is in its triplet state.

Two electrons have well known symmetry property under exchange required by the
Pauli principle. The total spin angular momentum for vector for two electrons is S ='s
(=1/2) + s (=1/2)=1 (triplet state) or O (single state), and the possible wavefunctions are

T, >=|a(Da(2) >
Ty >= = (1a(DBR) > +B(Da(2) >) (2.10)

IT- >=|B(1B(2) >
for the triplet spin state (S = 1)

S >= £ (|a(DB@) > ~1B(Da(2) >)
for the singlet spin state (S = 0). Figure 2.5 illustrates spin states of the singlet and
triplets. In the ground state of an organic molecule, each bonding orbital holds two
electrons and the all the spins are paired. To uncouple a pair of electrons, it is important

to take one electron from a doubly occupied orbital and promote it to a vacant orbital of
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higher energy. The promotion energy is least if one excites an electron from the highest
filled orbital into the lowest empty orbital. The electrostatic exchange energy of the two
electrons is large and negative when the spins are parallel. Thus, triplet usually lies
lower than the singlet. The energy gap between the ground singlet state and the excited
triplet state is determined by the difference between the orbital promotion energy and

the exchange integral.
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Figure 2.5. Simplified molecular orbital (MO) description of singlets and triplets.
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2.4 Spin-Orbit Coupling (SOC) and Intersystem Crossing (1SC)*®

An electron is a charged particle, so its orbital angular momentum generates a
magnetic field. An electric current in a loop generates a magnetic field in an
electromagnet. Namely, an electron with orbital angular momentum acts like a tiny bar
magnet. An electron also has a spin angular momentum, and it also acts like a tiny bar
magnet. The magnet caused by the spin interacts with the magnet caused by the orbital
motion and results in the interaction called spin-orbit coupling (SOC), as shown in
Figure 2.6. The strength of the SOC increases sharply with atomic number.

SOC mediates the transition between the excited singlet and excited triplet states. The

degree of SOC is represented by the following Hamiltonian

ﬁso = Zg &i(ry) ii '8 (2.11)
. Ze?
$() = sz (2.12)

where §; is the spin angular moment of electron i and I; is the orbital angular moment
of electron i, r; is a distance between the atomic nuclei and the electrons, ¢ is a SOC
constant, Z is the atomic number, e is the charge at electron, m. is a mass of the electron,
and c is the light speed. This means that SOC becomes larger with the increasing atomic
number, as known to be heavy atom effect. When the orbital configurations in the
singlet and the triplet states are different, the SOC becomes large.

If the only spin functions are different between the singlet and the triplet states, SOC
between them is 0. So, different orbital configuration is needed between the singlet and
the triplet states, then angular momentum change with respect to the molecular axis is
also needed when an electron moves from an orbital to the other orbital. Namely, the
orbital on the atom rotates with respect to a certain orbital because the molecular orbital

is combined of the each atomic orbital. For example, px orbital rotates around the z axis
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to be in py orbital. In the matrix elements of the spin-orbit operator between the
zero-order (spin-free) (n, n*) states of nitrogen heterocyclics, to the first order, there is
no SOC between singlet and triplet states of the same configuration. The coupling
between states of different configurations due to differences in the occupancy of the n*
orbitals, however, including the same nonbonding orbital, have matrix elements similar
to those caused by the coupling between (m, n*) states. As mentioned by El-Sayed, the
enhancement of the efficiency of the intersystem crossing in nitrogen heterocyclics with
the lowest singlet state of the (n, ©*) type might be because of a S(n, n*) -> T(x, ©*)
rather than a S(n, ©*) -> T(n, © *) radiationless process by the vibrational overlap
consideration. Figure 2.7 shows schematic representation of the ISC process between (n,
n*) and (w, ©*) as an example of a carbonyl compound.

When the spin angular momentum and the orbital angular momentum interact with
each other, the directions of the electron spin and the orbit influence each other. Since
the molecular orbital reflects the shape of the molecule, the spins align in a specific
direction in the molecule. For example, the spins are aligned in perpendicular to the
molecular plane in planar molecules. In the presence of SOC, the direction of the spin
changes to another direction in the molecule.

Here, the SOC operator as expressed by equation (2.11) is written as follows to apply
to the excited triplet state

Hyo = &lp 31+ &1, 3,
=Hyo +Hyo  +Hso' (2.13)
where 1 and 2 represent the two unpaired electrons. The SOC between the two states is
expressed by the integral of the orbital part and the spin part. When the eigenfunctions

of the spin sublevels (Tx, Ty, and Tz) in the zero field are used as the basis,
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Hyo  Hso  Hso are divided into two parts, as follows.

N

1 1
HSOx = E (Cilix + &) (S1x + S2x) + E (E1lix — & lox) (S1x — S2x)

Hsoy = %(511131 + 521231)(5131 + SZy) + % ('51113/ - 5;2123/)(513/ - 52y) (2.14)

—

1 1
HSOZ = 2 ($1liz + &2lo) (512 + 525) + 2 (1l — 212 (512 — S22)
When the eigenfunctions of the spin sublevels (T.y, Ty, and T.;) as a function of the
magnetic field are used as the basis, elevator operators (lJ_rl =l xily,, s1;=5c%

is,) are used and are written as
—~ 1 1
Hso =& [l1z51z T2 (R l1+51—)] +$ [lzzszz + 5(12—52+ + lz+52—)] (2.15)
Next, the matrix elements of the SOC between the excited singlet and the excited

triplet states are considered. The zero-order wave function of the excited singlet and the

excited triplet states are represented as

Ws = W5 [S(1,2)) = %51{‘1’1(1)%1(2) + ¥ (D¥(2}S(, 2)) (2.16)

W, =¥, - |T;i(1,2)) = %51{‘%’1(1)%(2) — Y (DP(DNT(1,2))  (2.17)
where, Ws and Yr, are the wave function of the orbit part, |S(1,2)) and |T;(1,2))
are the wave function of the spin part, and i is the triplet sublevels for x, y, and z. The
spin function in the singlet state and the spin functions in the triplet states as

eigenfunction of the zero-field are exhibited as follows.

IS) = iZ la1 By — Braz)

\/_
) = — 1B, — cra)
x! = N B1B2 — a,a;
|Ty) = \/% |B1B2 + a1az) (2.18)
1
IT,) = —=la;1f; + fraz)

V2
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Then, matrix elements are described as following
(s |Hso | W) = (WSl Gl —&L)I¥D)  (=x%2)  (219)
(W', [Hso’| Wr) = (Gl + L)W (#2i#K) (220)

(W', |Hso"| W) = =S W'r|(6aly + &L, |¥r) (#i#k)  (2.20)
Thus, the matrix elements of the SOC have non-zero values not only between the
excited singlet and the excited triplet states but also between the two excited triplet
states. The equation (2.19) means, the X, y, z components of the SOC connect with Tx,
Ty, and Tz to S, respectively. The equations (2.20) and (2.21) mean that SOC does not
occur between spin sublevels of the same triplet state. The scheme of the SOC is
exhibited in Figure 2.8. Furthermore, if the excited singlet state and the excited triplet
state have the same electronic configuration, the matrix element of the SOC becomes
zero. In other words, the SOC between states where the orbital parts are the same
becomes zero although in the singlet state or the triplet state.

(Wr,|Hso|Wr,) = 0

(LpTilﬁsollij) =0 (2.22)

(W5 [Hgo|¥Pr,) = 0
The parameters obtained by time-resolved EPR (TREPR) are the energies of the
triplet sublevels T; (i= x, y, z), E;j, the g value (g;), and population ratio (P;), as follows.
Note that P; and g are also strongly affected by anisotropic SOC. Thus, the assignment
of the triplet sublevels is important. The triplet sublevels (T;; i = X, y, and z) are split
into three by anisotropic spin-spin dipolar coupling and SOCs, even in the zero field.
Thus, the T; states have the different energies.

E; = (¥1,(nr*) |Hss|¥r, (7))
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i * 2
|<11UT1(7T7T*)T1' Hsg |'1Usl(n7'f )S)|
E(1nm*) — E(3nm*)

. 2
B Z [(Wr, (T )T i [Hso' |Pr, (nr*) Ty )|
— E(3nn*) — E(3nm*)
J,

G, k=xv,2) (2.23)
The anisotropy in the g values (i = X, y, and z) in eq. (2.7) is represented as follows:

gi = ge —

Z Ty () | L T (e (T (™) | Ho | Ty (e ™) T )|
_ E(3nn*) — E(3nm*)
j,k
(2.24)

The anisotropy in the sublevel populations in the triplet state are obtained as,

oL, G s G W s, ()3 s, ey T |
l (E(lmr*) — E(lmt*))2

(2.25)

Hrn shows the kinetic energy operator. The analogous equations hold also from
higher excited nr states. The shifts are illustrated in Figure 2.8. The sublevel energy (E;)
is decided by two contribution in equation (2.23): the spin-spin interactions (first term)
and the SOC (second and third terms). The first term is obtained from the zero-field
splitting (ZFS) of the molecule. SOC terms are evaluated especially for the metal
complexes. The g; value is a proportionality coefficient of the Zeeman splitting and
contains the SOC and molecular angular momentum (L) terms in equation (2.24). The
population ratio is proportional to the S;-T1 (I = X, y, and z) intersyatem crossing (ISC)

rate of the sublevel and SOC decides its selectivity. These parameters are assumed as
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described by second-order perturbation theory, as represented by equation (2.23), (2.24)
and (2.25).

The shift in the sublevel energy in equation (2.23) is caused by a singlet-triplet (E;°")
SOC and a triplet (E;"") SOC, which are represented by equations (2.26) and (2.27),
respectively:

; 2
EST — |('1UT1(7T7T*)Ti Hsol|q’sn(nﬂ*)5)|
Lo E(1nm*) — EQ3nm*)

|(Wr, ()T, |Hsoi |lysn (Tlﬂ)s)lz
E(1nm) — E(3mm*)

(2.26)
, 2
ETT — Z [(Wr, ()T, 1| Hso' [P, (n ) Ty )|
Lo — E(3nn*) — EQ3nm*)
7,
; 2
N Z (@, (nn*)'l‘j,k|HSOL|lPTn(n7T)Tk,j)|
- E(3nm) — E(3nm*)
j
2.27)

The SOC matrix elements in equations (2.26) and (2.27) can be decomposed into the
atomic integrals by linear combination of atomic orbitals (LCAQ) approximation and a
variable separation method for orbital and spin. For example, equations (2.26) and
(2.27) can be rewritten as equations (2.28) and (2.29), respectively, for the SOC
between T; and higher nx state:

(" Ty | Hso ' |nreS) o (mre* |l Inm)(Ty ;1) = (|l |n)(Tils;1S) (2.28)

(mr*Tj| Hso ' [nTye) o< (mm* |1 [nme)(Ty ;| Tye) = (m* |1 In)(Tys;ISTye)  (2.29)
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Figure 2.6. Schematic illustration of spin-orbit coupling.

Figure 2.7. Schematic representation of the ISC process between (n, ©*) and (n, ©*) as

an example of a carbonyl compound.

Figure 2.8. Schematic illustration of spin-orbit interaction between Ty and S;.
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2.5 Zero-Field Splitting (ZFS) Parameter?

In a suitable spin Hamiltonian, there are at least considered four magnetic interactions
as follows: (1) the electronic Zeeman interactions, (2) the interaction of the electron spin
with each other, (3) nuclear hyperfine interactions, and (4) nuclear Zeeman interactions.

For the most part, electronic Zeeman interactions (1) and the interaction of the electron
spin with each other (2) are concerned and the spin Hamiltonian of two electrons in a

triplet state are written as

S1°S: 3(511) (82
H:g#BB'(Sl+Sz)+gzli32{ 1Sz 3(511)( zr)} (2.30)

r3 TS

where r is the vector joining the two electrons. This representation closely resembles the
Hamiltonian expressing the dipolar interaction of two spins in a magnetic field. The two
spins S;and S, are parallel and form a resultant S spins; the isotropic g value should be
replaced by an anisotropic g tensor; the dipolar coupling should be averaged over aa
possible positions and spin states of the two coupled electrons and represented in terms
of the direction of the total S. For most organic triplets, the g tensor anisotropy is rather
small and it is first neglected entirely, concentrating on the spin-spin interaction.
Assuming that both electrons are fixed in space and they have some as yet
unspecified triplet spin wave function. The expanded dipolar terms are proceeded as

follows:

Hp = g*ug® {SleZx (rz;_:,xz> + S1yS2y (rz;—iyz) + 512522 (%) — (SleZy +

3 3 3
SlySZx) % - (SlySZZ + SleZy) —_ (SIZSZx + SleZZ) %} (231)

75
Because the two spins are corrected, it will be converted to represent everything in
terms of the total spin S. At last, an effective spin Hamiltonian can be written by

averaging over all positions r; and r, of the two electrons as
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Hy=S-D-S (2.32)
D is a symmetric tensor called the zero-field splitting (ZFS) tensor and its components

are given by averages over the electronic wave function:

Dex = 3 9%up? (F2282), D,y = 3 g2uy? (22 (2.33)
and so on. In terms of the principal axes which diagonalize the zero-field tensor, the
Hamiltonian becomes

Hp = —XS% - YS2 — ZS? (2.34)
where -X, -Y, and -Z are the principal values. However, the tensor in traceless (X +Y + Z

= 0), thus the ZFS can be written in terms of just two independent constants, which are

commonly called D and E:

3 1
D=~->D, E= E(Dyy — Dyy) (2.35)
Dy ==2D, Dy =3D—E, Dyy=3D+E (2.36)
Hp =D (S? —38%) + E(S% — 53) (2.37)

The spin Hamiltonian Hp removes the degeneracy of the three triplet wave functions
even if there is no external magnetic field. Figure 2.9 represents ZFS of a triplet states
in the case of D > 0 and D < 0. In transition metal complexes with triplet ground states
there is also a ZFS, formally described by a spin Hamiltonian (2.37). However, the
splitting is mainly because of spin-orbit coupling (SOC) instead of spin-spin magnetic

dipole forces.
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Figure 2.9. Zero-field splitting (ZFS) of a triplet states in the case of (a) D > 0 and (b)

D<O.
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2.6 Energy Splitting As a Function of Magnetic Field?

The spin Hamiltonian of two electrons in a triplet state are written by electronic
Zeeman interactions and the interaction of the electron spin with each other (in the last
section) as

H=guzB-S—XS?—YS2—ZS? (2.38)
The energy levels can be calculated by taking the usual triplet spin functions
T, >=|a(Da(2) >
Ty >= = (1a(DBR) > +B(Da(2) >) (2.10)
IT- >=|B(1B(2) >
in which the spin component S, has the values +1, 0, -1. However, Three different spin

functions are found
T >= 5 1B(DAR) - a(Da(@) >=£|T_ - T, >
IT, >= 5 IB(DA2) + a(Da(2) >= 5 IT_+T, > (2.39)

T, >= Z|a(DBR) + B(Da(2) >= |T, >
These new functions have their spin quantized along the X, y, and z axes, respectively,
and they thus diagonalize the zero-field Hamiltonian.
The matrix elements of H within the set of basis functions (2.39) are calculated, then
the following formulae for the various spin operators are verified on the new functions:
S AT, >=i|T, >, SZ|T, >=|T, >
S,|Ty >= —i|T, >, SZ|T, =T, > (2.40)
S,|T, >=0, S2|IT, =0
and so on. These results are obtained directly from the definitions in (2.39).

The Hamiltonian matrix in thus as following:
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|T) T, ) |T,)

<Tx| X _igz,uBBz igy.uBBy

nyz = (Ty| i'_gzPLBBZ _ Y —19xUpBx
(T,| [Tt9yHB By [gxHpBy A
IT) |7, ) IT,)

1 . .
(Tx||[ ED —E —i9;1pB; lgy.uBBy }
. 1 .
=(Ty|| ig.usB, SD+E —ig, g By | (2.41)

. . 2
(T2 l_lgy.uBBy [gxlpBy _ED J

To be considered, especially, in the case of naphthalene triplet state with the molecular
axes that long axis is x axis, short axis is y axis, and the z axis is perpendicular to the
plane of the molecule. then the eigenvalues of (2.41) for the field in the z direction,
putting Bx = By = 0. Then Tz is an eigenstate with energy W = Z but Tx and Ty are mix

together. The energy matrix for these two states yield the secular determinant

D—E-W  —ig,usB, 0o |
ig, 1B, §D+E—W 0 =0
0 0 —<D-W
lD —E-W _igz.uBBz
3 ) =0 (2.42)
ig,upB, §D+E—W
with eigenvalues
W=+ + (X -1+ (gusB (2.43)

The energy levels and wave functions for a triplet state with the magnetic field along the

Z axis would thus be summarized as follows:

|¥, >= cos B |aa > —sin 0 |BL > W=§(X+Y)+%(X—Y)tan9+guBB
|¥), >=sin 6 |aa > +cos O |ff > W=§(X+Y)—%(X—Y)tan6—guBB (2.44)
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1
WZ>=ﬁ|aﬁ+Ba> W=z

where 26 = (X-Y)/2gugB. (X-Y) is positive for naphthalene, and B is very small 6 =n/4,
thus the stationary states go smoothly into |T,>, [Ty>, and [T,>. In contrast, a strong field
breaks up the spin-spin coupling; as & approaches zero, |#x> and |¥y> approaches |ao>
and |Bf>, respectively, then the spin being totally quantized by the magnetic field.

When the magnetic field is in the x direction, [Tx> is an eigenstate but [T,>and [T>
are mixed together. The new energies are readily obtained and their variation with,

magnetic field strength is summarized in Figure 2.10.
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Figure 2.10. Triplet energy levels when the magnetic fields are in the x, y, and z

directions.
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2.7 Zero-Field Splitting (ZFS) and Electronic Structure’

Figure 2.11 illustrates the essence of the molecular symmetry of the zero-field
splitting (ZFS) pattern of a molecular triplet state. In a molecule without axial symmetry
(not having axes C, with n = 3, 4, 5,...) the triplet spin is quantized in three mutually
orthogonal planes, x = 0, y = 0, z = 0, where X, y, z are the principal axes of the
spin-spin dipolar tensor. For a molecule with a symmetry resembling that of a
rectangular box these axes are perpendicular to the sides of the box. Whenever there is
axial symmetry, two of the spin levels (T, Ty) span a two-dimensional irreducible
expression and the degeneracy is only partly lifted.

The formal equivalence of the three zero-field spin states is borne out by writing the
spin Hamiltonian in zero-field as in section 2.5

Hp = —XS% —YS2 — ZS? (2.34)
For the ZFS parameters D and E that appear in the spin Hamiltonian commonly used for

the interpretation of the EPR experiments from equation (2.23):
1 3 1
D:E(X+Y)_Z:_EZ'E:E(Y_X) (245)

The spin functions Ty, Ty, and T, transform likewise the corresponding infinitesimal
rotations and the irreducible expressions to which they belong are indicated in Figure
2.11. In a molecule without axial symmetry, there are three magnetic-dipole allowed
transitions in zero-field, one for each pair of spin levels with the transition Tx < Ty
being caused by an oscillating magnetic field.

The D value for porphyrin-like molecules is typically positive, and the z axis of the

ZFS tensor corresponding to the out-of-plane orientation, as shown in Figure 2.12.
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Figure 2.11. The relationship between molecular symmetry and triplet zero-field

splitting (ZFS).
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Figure 2.12. The relationship between spin-density distribution and triplet zero-field

splitting (ZFS) energy.
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2.8 EPR Spectrum of Excited Triplet State?®°
At high magnetic fields when the spin is totally quantized by the magnetic field, the
levels are classified according to their ms value and the usual selection rule Ams = £1
holds. Thus, the transitions ¥y < ¥, and ¥, < ¥, are allowed, the oscillating field being
perpendicular to B,. At lower magnetic field, however, the operator S, has a
nonvanishing matrix element between ¥, and ¥, thus a new transition (forbidden in the
sense that Ams = £2) is allowed when the oscillating field is parallel to B,. The intensity
of the new transition is decided by the square of the matrix element
< Y |S,|¥y >=< aacosf — BB sin 6 |S,|aasin O + B cos 6 >
=< aacosf — B sinf |aasinf — [ cos b > (2.46)
= +sin 260
and in zero-field, the only nonvanishing matrix elements of S are
< Ty|Sel T, >=< T,|Sy| T >=< Ty |S,IT, >= —i (2.47)
from equation (2.40). Therefore the zero-field transitions are polarized along the x, v,
and z directions, respectively. The terms Ams = +1 or Ams = £2 are conventional in
spectroscopy. The magnetic fields required to satisfy the resonance condition for Amg =
+1 transitions very over a wide range. The Ams = %2 transition expresses a rather
different situation in that it is relatively isotropic. The precise position and shape of the
Amg = £2 line in a glass depends on the values of D and E, thus they can both be
decided if the line is visible. The Ams = £2 transition has an intense peak at the low

magnetic field edge Bnmin Of the spectrum, at the position

ghBin = [L(w)? — 102+ 35%) (2.48)
As described by equations (2.37) and (2.38), the spin Hamiltonian of a triplet state in

a magnetic field
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H = guB-S+D(S?—28%)+E(S? - 52) (2.49)

in terms of the high magnetic field spin eigen-functions |T.>, |To>, |T-> is

%D + gugBn (gusB/N2)(1 — im) E \‘
(gusB/N2)(1 + im) —éD (gusB/N2)(1 —im) | (2.50)
E (gusB/N2)(UA + im) %D — gugBn

where I, m, n are the direction cosines between the external magnetic field and the
principal axes X, Y, Z fixed in the molecular system, as shown in Figure 2.13. In the
case of the dipolar interaction in the molecules is generally about 1 order of magnitude
smaller than the Zeeman term, it might be regarded as a small perturbation on the latter
interaction. The eigenvalues of the Hamiltonian (2.49) become *gugB, 0 and the
corresponding eigenfunctions are given as follows by introducing D and E as the
perturbation, the energy levels to first order are the elements of the diagonalized

Hamiltonian matrix:

gusB — C(D,E,6,9) 0 0
0 2C(D,E,6,¢) 0 (2.51)
0 0 —gugB — C(D,E, 0, p)
where
C(D,E,0,¢) ==D(1—3n?) —2E(I2 — m?) (2.52)

The effective g value is obtained as follows: In equation (2.38), g is 3 x 3 matrix
demonstrating the anisotropic Zeeman interaction. Generally, a coordinate system can
be found the g-matrix principal axes where g is diagonal. When g is diagonal in the
same coordinate system, their principal zxes are regarded to be coincident. In the system
with two or more unpaired electrons, the fine structure term have to be added to the spin
Hamiltonian to express electron spin-spin coupling. When a radical species is orientedin

a space where the direction of the magnetic field is located by the polar and azimuthal
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angles (6 and ¢) relative to the g-matrix principal axes, the resonant magnetic field is

represented as

— B, — Y. A
B = B, - %, 4" (2.53)
where
-
By = (2.54)
9% = (gx*cos?p + g,2sin®¢)sin?6 + g,*cos?6 (2.55)

During the radical species are dilute, they can be investigated in the solid state as
solutions in single crystals, powders, glasses, or frozen solutions. EPR spectra in thee
frozen solution have to be taken in solvents that form good glasses. The EPR spectra of
radical species such like in a dilute single crystal are obtained for various orientations,
usually the magnetic field is perpendicular to one of the crystal axes. Individual
spectrum usually regarded as if they were isotropic to get an effective g-value for the
orientation. Because the g-matrix principal axes are not important the same as the
crystal axes, the matrices, written in the crystal axis system, usually would possess
off-diagonal elements. Therefore, if spectra were obtained for various orientations in the

crystal xy-plane, the effective g-value is represented as follows

2 . 2 ) 2
Gerr = (grxcos o + Gyx S, <P) + (gxy CoS @ + gy, Sin <p)

. 2
+(gxz cos ¢ + gy, sin (p) (2.56)
or
9érs = K1 + K, cos 2¢ + K3 sin 2¢ (2.57)
where
1
Ky = > (gzx + gjzzy + gyzcz + 93212 + 2) (2.58)
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1
K, = 2 (gix - g)zly + gazcz - gJZZZ) (2-59)

K3 = Gxy9xx + Gxy9yy + 9x29yz (2.60)
In the case of another crystal plane, another set of K, K, and K3 are given depend on
other combinations of the g;j. Then the g-matrix is diagonalized to obtaine the principal
values and transformation matrix, their elements are the direction cosines of the
g-matrix principal axes relative to the crystal axes.

An EPR spectrum is a measure of the transverse component of the total
magnetization of the sample, that is, the expectation value of S, =S, +iS,. To
calculate this, the density matrix formalism using the Zeeman eigenfunctions as basis is
given as

P11 P12 P13 0 1 0
(S4) =tr(pSy) =1tr [(le P22 p23> : (0 0 1)] =pa1tpsz (261)
P31 P32 P33 0 0 O

The density matrix itself can be acquired from its equation of motion
pij = ilp, H]ij — T_lzpij (2.62)
The Hamiltonian in equation (2.62) breaks down into three parts:
H = Hyeeman + Hpipotar + ¥B1(Sx cos wt + S, sin wt) (2.63)
The first two terms are accounted above, the third is the microwave driving term. The
second term in equation (2.62) describes phenomenological relaxation of p;; toward
thermal equilibrium value. This exponential decay generates a Lorentzian line shape
with line width 1/T, that is mainly decided by hyperfine interactions. In the rotating
frame and making the steady-state slow passage assumption, p = 0, the two transitions

are obtained as
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—A+2C(D,E,0,p)+i/T,
(1/T2)2+[A-2C(D,E,0,¢)]?

P21 = w1(pP11 — P22)

—A-2C(D,E,0,0)+i/T,
(1/T2)?+[A+2C(D,E,8,9)]?

P32 = w1(p22 — P33) (2.64)

where A = B - oly, o1 = y B1. Therefore, for arbitrary orientation of B in the molecular
frame, defined by 8, ¢ the absorption line shape is I(B, 8, ¢) given by the imaginary
part of {p,; + p32}. The population differences (pi-g;) is needed to obtain the line
shape. Because the molecules assume a certain distribution and all of them contribute to
the absorption, all possible transitions have to be summed over a possible
orientation-dependent contributions with the proper weighing function M(6, ¢), in a
spherical distribution M(8, ¢) = sin 6d8de. The angular dependence of the line shape
IS

I(B) = =12 [ [T Im[py; (6, 9)]M (6, 0) (2.65)

j=i+1
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By = (B, B,,B;)
Z = By(sin# cos ¢, sin B sin ¢, cos 8)
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Figure 2.13. The relationship between the principal axes X, Y, Z and the external

magnetic field with respect to the molecular axes (X, Y, z).
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Figure 2.14. Triplet energy levels and Ams = £1 and Ams = +2 EPR transitions when the

magnetic field is in the z direction.
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2.9 Magnetophotoselection'* 4

Magnetophotoselection (MPS) techniques have been used to study the triplet state
observed by electron spin resonance (ESR)/ electron paramagnetic resonance (EPR).
The peaks observed in the common compounds of the EPR absorption spectrum of a
randomly oriented set of triplet state molecules are because of those molecules that have
one of the principal axes of their electron spin-spin coupling tensor essentially oriented
along the magnetic field (magnetoselection). By exciting the molecules with plane
polarized light with the electric vector of the light either parallel or perpendicular to the
magnetic field in a triplet EPR measurement, the light can excite molecules at different
orientations relative to the magnetic field, depending on the polarization of the So— S;
transition (photoselection), as represented in Figure 2.15. The measurement combines
the properties of the two selection techniques. One is the selective excitation by
polarized light, the other is the selective observation of triplets by ordinary EPR. So that
the method is used to assign the optical transitions when the triplet magnetic molecular
axes are known or conversely the magnetic axes can be studied when the polarizations
of the optical transitions with respect to a molecular framework are available. For MPS
experiments, conventional EPR with field modulation and lock-in detection was
ordinary used. Time-resolved EPR in conjugation MPS have been used to study
photosynthetic systems and aromatic molecules in frozen solutions because of the
important advantage of the detection of the initial spin polarization of the signal prior to
spin-lattice relaxation or triplet depopulation develops.

Photoselection effects can be accounted for by introducing intensity coefficients for
each orientation of triplet molecule in the magnetic field, equal to the cosine square of

the angle between the optical transition dipole (i) and the electric vector of the light (L).
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Isotropic spectrum corresponding to the case of equal excitation probability of any
orientation of triplet molecule and the spectrum is independent of the orientation of the
optical transition dipole in the axis frame of the triplet molecule as expressed by

equation (2.65) in section 2.8.

IB) = Xiz12 Jy " ;" 1m [p4;(6, @) ]M(8, 0) (2.65)

j=i+1
This is constructed by the summation of L || By spectrum and two L - By spectra. Here,
the L || Bo and L L By spectra are the experimental spectra obtained under excitation by
plane-polarized with its electric vector parallel and perpendicular, respectively, to the
constant magnetic field of the EPR spectrometer.

The relationship between the optical transition dipole (w) and the external magnetic

field (By) are written as

1 * By = |u||Bo| cos a (2.66)
|u-Bol?
cos?a = IuTzllgoIZ (2.67)

where « is the angle between p and By . Decomposing p and By into its components
along the principal magnetic axes acquired

By = By(sin 6 cos ¢, sin 0 sin ¢, cos 6) (2.68)

U= u(sinycosd,sindsind,cosy) (2.69)

where 6 is the angle between By and the z magnetic axis, and ¢ is the angle between the

component of By in the xy plane and the x magnetic axis. Similarly, y and ¢ are is the
angle locating p in the magnetic axis system, as illustrated in Figure 2.16.

The intensity coefficients for the two orthogonal orientations of L relative to By

averaged over all orientations of the triplet molecule relative to the electric vector L

with its # and ¢ coordinates fixed are as follows:
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In the case of L || By,
M,(6, ) = cos?a sinf
= (sinycosdsinfcos¢p + sinysindsinfsing + cosycosd)?sinf (2.70)

In the case of L L By,
M (6,¢) = %Sinzasine
= %{1 — (sinycosSsin Ocosd + sinysindsinfsing + cosycos 9)2} sinf (2.71)

Polarization ratio can be observed as

C_ My(6,4)-M;, (6,4)
P; My (6,0)+M; . (6,0) (2.72)

where i = x, y, and z, and M,(6,¢) and M, (6, ¢) are the intensity corresponding to

Ams = %1 transition, for light polarized parallel and perpendicular to the magnetic field.
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Figure 2.15. lllustration of magnetophotoselection (MPS) for excitation polarized along

the y axis when the molecules are excited with plane polarized light with the electric

vector of the light (L) either parallel or perpendicular to external magnetic field (Bo).
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Figure 2.16. The relationship between the optical transition dipole (i) and the external

magnetic field (By) with respect to the principal magnetic axes.
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2.10 Magnetic Coupling: Dipolar Coupling and Exchange Coupling®
The interaction between two S = 1/2 compounds (total S = 1) is confirmed as
magnetic dipolar coupling and exchange coupling. The dipolar coupling gives rise to an
anisotropic coupling and it can be demonstrated because of the coupling between the
magnetic moments of the two electron spins. It induces a splitting in two lines (d)
(Figure 2.17), depending on the distance (R) between the electron spins. The
point-dipole approximation can be applied under the condition which the magnitude of
the exchange energy is much larger than the magnetic dipolar coupling (|J|>>D), namely,
the electron spins or the electron and nuclear spins is large in comparison to the
extension of the orbitals of the unpaired electrons. The approximation is often applied in
the case of the longer electron-electron distance ( > 5-6 A) and electron-nuclear distance
( > 2.5 A), respectively. Then the coupling is inversely proportional to R®, so that
distances can be estimated from the measured coupling. The electron-electron dipolar
coupling (d) between the magnetic moments of two unpaired electrons is in the
point-dipole approximation expressed by
d =D(1—-3cos?8) (2.73)
where 6 is the angle between the magnetic field (By) and the line joining the spins

(Figure 2.17).

_ ﬂ3gu3 __ 2780 . _
D /mT=_""2F= WA with g = 2.00232 (2.74)

The exchange coupling (J) is caused by the electrostatic Hisenberg exchange term in
quantum mechanics. The sum of the zero-field and exchange interactions in
demonstrated with a Hamiltonian:

Hi; = 81D158; + 125152 (2.75)

A representation for the exchange interaction can be calculated using the relation for the
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addition of the spin angular moment vectors in quantum mechanics:

S(S+1)=582= (5, +5,)?
= Si S+ D +5,(S, + 1) +2-81-S, =>+2+2-5,-5,

Then,

S=1:8,-5,=5(2-3)=3,5=0:8-5,=2(0-3)=-

2

B w

(2.76)

2.77)

are given. The exchange energy is E;° = -(3J/4) for the singlet (S = 0), E;* = J/4 for the

triplet (S = 1). In the triplet, there are three degenerate states, as shown in Figure 2.18,

which degeneracy is caused by the different quantum numbers ms = 1, O, -1. Thus, the

exchange coupling contributes only a constant energy shift to the energy levels of the

triplet state, and so that it has no influence on the EPR spectrum.
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Figure 2.17. Fine structure due to Spin-spin dipolar coupling between the magnetic

moments of the two electron spins.
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Figure 2.18. The singlet-triplet energy gap for S = 1 system in case of J > 0.
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2.11 Transition Pathway™
The rate of a fluorescence or phosphorescence that is spontaneous radiative
transitions in the gas phase is expressed by the Einstein coefficient

_ (E1—Eg)?
3ggmhc3

|10l (2.78)

where E; and E, are the energies of the excited and ground states, and fi;_, is the
corresponding transition dipole moment. In the case of the fluorescence decay rate k3.,
the transition dipole moment s s, and the S; vertical transition energy from the
relaxed S; geometry were inserted.

The radiative transition between the lowest triplet state (T;) and the ground state (So)

induce to a T1- So phosphorescence signal. The corresponding radiative decay rate k”,,

is one component of the overall triplet decay rate k7,,:

1
kgot = kT = k:ad + kgonrad (2'79)

tot

As a consequence of the spin-orbit coupling (SOC), each state of predominant singlet
character acquires a certain amount of triplet admixture and vice versa. In organic
systems, SOC is considered to be a small correction to purely nonrelative electronic

states. The spin-orbit Hamiltonian in central-field approximation is given as
= Z,, ——
Hso = ap® Zﬁ i = %Ll‘gl (2.80)

where o is the fine-structure constant, Z is the effective nuclear charge at nucleus ,
and S is the spin angular moment of electron i and L is the orbital angular moment of
electron i. The expectation value for the SOC is demonstrated in the framework of

first-order perturbation theory as

N n
Z
0|5 0 0|5 0
(‘1”5( )leolq’T( ) = a,? E E (r_u3 <p§ )|H50|(P; ) x
- iu
u i
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aax
(—(aﬁ Ba)|S| |5 —=(af + Ba) ) (2.81)
BB

where ¥ () and ¥ (o) are the total spatial electronic wavefunctions of the
singlet and triplet states, respectively, in the undisturbed system. Formulated in the
framework of first-order perturbation theory, the radiative transition probability kI,

between Ty and Sp and is proportional to the transition dipole moment s, s, squared
firyms, = (P LE19”)

©) p(© O 17 |w©
(Prety [ Hso | W) (Prom [ Hso| s o))

lisk—>50

J25 I

Erqy = Esoy Eramy = Es(o)
(2.82)
where the summation of k and m run over all singlet and triplet states, respectively.
The decay rate of the population in state S, because of intersystem crossing (ISC) to
any state T, is expressed by
kISC - Zm kISC (283)
Each ISC channel is treated as a nonradiative transition between S, and Tp,

demonstrated by the Fermi Golden rule, using the Franck-Condon-weighed density of

state (FCWD):

g =2

Weoh | Hso | 1omy)? X FCWD (2.84)

If the relaxation via internal conversion into the S; state is fast enough, ISC essentially
proceeds from S;. However, ISC contributions associated with higher-lying singlet
states can be added by weighting their formal rates kjs. by their Boltzmann distribution

population ~exp[(En-E1)/ksT], where T is the temperature and kg is the Boltzmann
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constant.
Two independent contributions enter the decay rate. One is the SOC matrix element
squared and the other is the FCWD that ensures energy conversion. FCWD is expressed

in the framework of Marcus-Levich-Jortner theory as

2
FCWD = . (AE+nhw+A) ]

T o exp(=8)? 3 [~ (2.85)
where / is the Marcus reorganization energy because of intramolecular, low-frequency
vibrations, (1.) and solvent-induced relaxation (4s), is AE is the difference between the
energies of S; and the triplet state at their equilibrium energy (Figure 2.19), hw is the

energy of an effective nonclassical vibrational mode included in the transition, and S is

the associated Huang-Rhys factor.
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Figure 2.19. Schematic representation of the displaced potential energy surfaces

corresponding to the Sy stateand a T, (n =1, 2, 3,...) state.

67



2.12 Electronic Coupling® 2

The electronic coupling between the orbitals including in the jump and the energy
difference between the tunneling electron and the orbitals can be determined by the two
energies, namely the energies of the donor and the acceptor. The one electron
parameters for hydrocarbons were taken from experimental and theoretical studies of
the optical properties of crystalline solids and small molecules, which lead to
self-consistent predictions of the mediation properties of a large family of bridging
species. Bridges with more complex and varied bonds and contacts makes the selection
of parameters more difficult. For example, the off diagonal matrix elements can be

written as

(Ei+Ej)
2

Hij =(p;|H|p;) = SiiK (2.86)
where K is a fitting constant, typically between one and three, and the approximation is
only valid for orbitals with nonzero overlap. In the hydrocarbon systems, K is equal to
one based on the values of the E’s and fitting to the most closely associated
experimental and theoretical data. It is being found that the donor-acceptor interaction is
importantly a one-electron property. Then extended-Huckel estimates for the interaction
parameters.

The electronic interaction energy or electron exchange matrix element (Vpa(r))
decides the dependence of the electron transfer rate on the distance between the

reactants. Vpa(r) has been estimated as the interaction between a pair of potential wells

that decays exponentially with distance (R) as following:

Vpa(r) = Vpa(ro)exp[—y(r —1p)] (2.87)
y = L20eB (2.88)

h
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where Vpa(ro) is the coupling matrix element for a donor-acceptor pair at van der Waals
separation (ro; 4-6 A) and B (eV) is the binding energy at the electron donor, or barrier
height: the difference between the energy level of the electron on the donor and the
energy of the lowest condition states of the medium. r is the center to center distance

from the donor to the acceptor, and me is the mass of the electron.
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Chapter 3

Experimental

3.1 Materials

Meso-hexakis(pentafluorophenyl) [26]Hexaphyrins(1.1.1.1.1.1) and
meso-hexakis(pentafluorophenyl) [28]Hexaphyrins(1.1.1.1.1.1) ([26]Hex and [28]Hex)
were provided from Prof. Atsuhiro Osuka’s group in Kyoto University. Details about the
hexaphyrins are described in Chapter 4.2.

Organic inclusion crystals consisting of N,N’-bis(pyrid-3-yl)-1,4,5,8-pyromellitic
diimide (PMDI); 3-bromo-1-fluorobenzene (3BrF) or 4-bromo-1-fluorobenzene (4BrF);
and tris(pentafluorophenyl)-borane (TPFB) (PMDI-3BrF and PMDI-4BrF) were
provided from Prof. Yoshio Hisaeda’s group in Kyusyu University. Organic inclusion
crystals  consisting of  N,N’-bis(pyrid-3-yl)-1,4,5,8-naphthalenediimide  (NDI);
1-fluoro-3-iodobenzene (31F), or 3-iodo-1-methylbenzene (31Me); and TPFB (NDI-31F
and NDI-3IMe) were also provided from Prof. Yoshio Hisaeda’s group. Details about

the organic inclusion crystals are described in Chapter 5.2.

3.2 UV-vis Absorption Measurements

UV-vis absorption spectra at room temperature were measured on a SHIMAZDU
UV-1650PC spectrometer with a 0.1 cm optical path length quartz cell. UV-vis
absorption spectra at 77 K were measured on a JASCO V-650 equipped with an
integrating sphere unit ISVC-747, where the sample tube including sample solution was

set into a dewar bottle filled with liquid nitrogen.
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3.3 Emission Spectra Measurements

Emission spectra were measured using a fluorescence spectrometer (JASCO,
FP-8300) at room-temperature or at 77 K. Especially at 77 K, a dewar bottle which was
filled with liquid nitrogen was used and the sample tube including sample solution was

set into the dewar bottle.

3.4 Electro Chemical Measurements

Electrochemical measurements were performed using electrochemical analyzer (BAS
Inc., ALS, model 608ES) with a standard three-electrode configuration. The cyclic
voltammograms of sample solutions were acquired by taking grassy carbon, Pt, and
Ag/AgCl as the working electrode, the counter electrode, and the reference electrode,
respectively at room-temperature. Sample solutions were deoxygenated by Ar gas

bubbling for 5 minutes before measurement.

3.5 Time-resolved EPR Measurements

Time-resolved EPR (TREPR) spectra were measured using a Bruker EMX X-band
continuous wave (CW) EPR spectrometer without magnetic field modulation at 77 K or
at room temperature. The EPR sample tubes which were deoxygenated were set inside
the EPR cavity. A nanosecond-pulsed OPO laser (Spectra-Physics, basiscan/L13P-KE; A
= 568 nm and 650 nm, 10 Hz) pumped by a pulsed Nd:YAG laser (Spectra-Physics,
Quanta-Ray Lab-130; A = 355 nm) or a nanosecond pulsed Nd:YAG laser (Continuum,
Minilite; 2 = 355 nm) were used as an excitation light. Detected EPR signals were
amplified by a wide-band preamplifier and taken in a digital oscilloscope (Tektronix,

DPO 3054). The time-resolved measurements were carried out by synchronizing the
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pulsed laser to the digital oscilloscope, as shown in Figure 3.1. A quartz depolarizer
(Sigmakoki, DEQ-1N) was employed for depolarized laser excitations. Details about

the TREPR measurements are described in Chapter 4.2 and Chapter 5.2.

3.6 Theoretical Calculations

Molecular orbital calculations of PMDI was carried out using the time-dependent
density functional theory (TD-DFT) method with the Becke’s three parameter hybrid
exchange functional and Lee-Yang-Parr correlation functional (B3LYP)'? with a
6-31G* or 6-31G** basis set*® by Gaussian 09 program package.® Details about the

theoretical Calculations are described in Chapter 4.2 and Chapter 5.2.
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Figure 3.1. TREPR equipment.
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Chapter 4
Electronic Structure of Mdbius Antiaromatic Excited Triplet State of

Twisted [28]Hexaphyrin

4.1 Chapter Introduction

Aromaticity is widely known to be one of the most important concepts in the field of
chemistry."” Chemical properties and reactivities of macrocyclic n-conjugated
molecules are determined by their aromatic or antiaromatic characters®® As a
complement of the Hiickel rule,’® Heilbronner predicted that molecules having [4n] and
[4n+2] w-electrons with singly twisted topology exhibit aromaticity and antiaromaticity,
respectively.”t The aromatic compounds represent diatropic ring currents, negative
nucleus-independent chemical shift (NICS) values at the ring center, and large harmonic
oscillator model of aromaticity (HOMA) values.*? In addition, a resonance energy
which is estimated based on the n-bond energies in annulenes can be a criteria of
aromatic stabilization. A cyclic chain of annulenes are composed of single bonds and
double bonds between the carbon atoms. The m-bond energies in the annulenes are
evaluated by the total m-energies of the single bonds and double bonds based on Hiickel
molecular orbital. Then aromatic and antiaromatic compounds have positive and
negative resonance energies, respectively.”™® Aromatic and antiaromatic molecules
exhibit positive and negative resonance integral (£), respectively. For example, benzene
that shows aromaticity in the ground state has been found to have negative resonance
energy in the first excited state, which represents that benzene shows antiaromatic
character in the first excited state. Thus, aromaticity in the ground state was reversed to

antiaromaticity in the excited state." Mgbius aromaticity has been intriguing both
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experimental and theoretical researchers because its character is complementary to the
common Hiickel aromaticity that rule predicts aromatic character for the molecule with
[4n+2] m-electrons having a normal plane. Recently, Mdobius aromatic macrocyclic
compunds have been synthesized extensively.***’

In order to synthesize the chemically stable Mobius aromatic molecules, a twisted
Mobius topology and overall cyclic conjugation of [4n] w-electronic macrocycles have
been implemented within one molecule. However, it is very difficult to observe the
Moabius antiaromaticity experimentally because there are electronic destabilization
arising from the antiaromaticity to cause structural constraints concerned with
conformational twist within the molecule.® That is, [4n+2]x M&bius antiaromatic
compounds have been attempted to obtain from the corresponding [4n]m Mobius
aromatic compounds by oxidation with its twisted formations with a hope. The result
was, however, that [4n+2] Hiickel aromatic compounds with nontwisted formations
were obtained through the topological changes from the twisted formations. Then, their
aromatic or antiaromatic characters have been confirmed experimentally in the Sy
state,"*% but their properties in the electronic excited state, especially in T, state, have
been scarcely investigated so far. Expanded porphyrins demonstrate considerably
red-shifted absorption bands compared with those of porphyrins owing to their larger
n-conjugated macrocycles.**? They attract great attentions as optical materials,
functional dyes, nonlinear multi-metal ligands, stable organic radicals.”>? Importantly,
some expanded porphyrins exist as a twisted conformers showing the Madbius
aromaticity or antiaromaticity,*®192325.26
In the MObius aromatic compounds, the m-orbitals are lying along the twisted

macrocycles with phase inversion of the topology similar to the Mébius strip.?2%
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Commonly, organic radicals represent high reactivity thus to be short-lived.?**° In order
to make long-lived organic radical species, a method of steric protection have been
utilized. Placement of heteroatoms such as nitrogen atom and sulfur atom adjacent to
the radical center was also utilized. Delocalization of the spin-density over large
n-conjugation pathway is another effective way for stabilizing the organic radical
species. Porphyrins including expanded porphyrins can stabilize species because of their
ability of the radical delocalization.*** Cyclic delocalization of n-electrons in these
species induce thermodynamic stability, which is concerned with relative low reactivity,
bond length equalization, characteristic UV-vis absorption, susceptibility, and
diamagnetic ring current of aromatic species.*®

Meso-aryl-substituted hexaphyrin(1.1.1.1.1.1)s can be a [26] or [28] m-electronic
state.?2*%4 planar [26]hexaphyrin and [28]hexaphyrin (Figure 4.1) exhibit aromatic and
antiaromatic characters, respectively, in the So state.!®?®*® These aromatic and

antiaromatic natures are reversed in the T, state.?24142

[28]hexaphyrin exists in a fast
equilibrium in solution mainly between antiaromatic planar conformation and Mobius
aromatic twisted conformation at room temperature.’’ The electronic structure of
[28]hexaphyrin has seemed to be mysterious since its discovery because the *H NMR
represented a simple signal pattern indicating a highly symmetrical structure and the
several X-ray crystal structures exhibited as a planar rectangular conformer. However,
the values of the *H NMR chemical shifts and UV-vis-NIR absorption spectra supported
its aromatic character. Then, measurement of *"H NMR spectrum at low-temperature
demonstrated [28]hexaphyrin was frozen as a Mdobius conformer. The aromaticity and

antiaromaticity of twisted hexaphyrins in the excited states has received great attention

in relation to Baird’s rule.***** Details about the electronic structures concerned with
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the aromaticity and antiaromaticity, however, have not been studied in twisted M6bius
aromatic molecules in the T, state.

The Goal of this work was to clarify the electronic structure of the T, states of
meso-hexakis(pentafluorophenyl) [26]hexaphyrin(1.1.1.1.1.1) ([26]Hex) and
meso-hexakis(pentafluorophenyl) [28]hexaphyrin (1.1.1.1.1.1) ([28]Hex) (Figure 4.1)
using an X-band TREPR method in combination with magnetophotoselection (MPS)
experiments. Finally, the origin of Mobius antiaromaticity in the T, state has been

revealed.

4.2 Materials and Methods
4.2.1 Materials and Sample Preparations

The detail process in synthesis of  meso-hexakis(pentafluorophenyl)
[26]Hexaphyrins(1.1.1.1.1.1) and meso-hexakis(pentafluorophenyl)
[28]Hexaphyrins(1.1.1.1.1.1) ([26]Hex and [28]Hex; Provided from Prof. Osuka’s
group in Kyoto University) are described in the previous reports.?**® Toluene (JIS
Special Grade) and 2-methyltetrahydrofuran (MTHF, Wako Special Grade) were
purchased from Wako Pure Chemical Industries, Ltd., and they were used as received.
For UV-vis absorption and TREPR experiments, [26]Hex and [28]Hex were dissolved
in toluene and MTHF, respectively. The concentrations of these solutions were 100-200
uM. For the TREPR measurements, moreover, these solutions were deoxygenated by
the freeze-pump-thaw cycles and they were sealed in quartz EPR sample tubes before

the X-band TREPR measurements.
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4.2.2 UV-vis Absorption Measurements

UV-vis absorption spectra at room temperature were measured on a SHIMAZDU
UV-1650PC spectrometer with a 0.1 cm optical path length quartz cell. UV-vis
absorption spectra at 77 K were measured on a JASCO V-650 equipped with an
integrating sphere unit ISVC-747, where the sample tube including sample solution was

set into a Dewar bottle filled with liquid nitrogen.

4.2.3 Time-resolved EPR (TREPR) Measurements

TREPR spectra were measured using a Bruker EMX X-band continuous wave (CW)
EPR spectrometer without magnetic field modulation at 77 K. The EPR sample tubes
were placed in a Dewar bottle filled with liquid nitrogen, which was set inside the EPR
cavity. A nanosecond-pulsed OPO laser (Spectra-Physics, basiscan/L13P-KE; A = 568
nm and 650 nm, 10 Hz) pumped by a pulsed Nd:YAG laser (Spectra-Physics,
Quanta-Ray Lab-130; A = 355 nm) was utilized as an excitation light source as reported
previously.”” Microwave power was 4-5 mW. A quartz depolarizer (Sigmakoki,
DEQ-1N) was employed for depolarized laser excitations. A quartz A/2 waveplate
(Sigmakoki, WPQW-65/78-2M) was used for introducing the polarized light converting
the direction of polarization in 90 degrees. In magnetophotoselection (MPS)
experiments, the polarization directions of the laser (L) were set parallel (Bo//L) and
perpendicular (By_L L) to the direction of the external magnetic field (Bo). In the MPS
measurements, the excitation wavelengths were chosen as described in Figure 4.2 and

Figure 4.3.
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4.2.4 Theoretical Calculations

Geometry optimizations of the ground state of [26]Hex and [28]Hex were carried out
by the density functional theory (DFT) method with the Becke’s three parameter hybrid
exchange functional and the Lee-Yang-Parr correlation functional (B3LYP)**™° with
6-31G* and 6-31G** basis sets***! in Gaussian 03°> and Gaussian 09 program
packages.”® The Cartesian coordinates of the optimized geometries are listed in Table
4.1, 4.2, and 4.3. The pentafluorophenyl groups of [26]Hex and [28]Hex were replaced
with hydrogen atoms. The calculations for the excitation energy and the oscillator
strength were performed by the ZINDO/S method®*> in ORCA 3.0.3 program
package®®>’ and the ZINDO method® in Gaussian 09 program package for the
B3LYP/6-31G** optimized geometry. The configuration interaction singles (CIS)
calculations® were carried out using the restricted Hartree—Fock (RHF) method with a
cc-pVDZ basis set™ in Gaussian 03 program package for the B3LYP/6-31G* optimized
geometry. The calculation of the zero-field splitting (ZFS) tensors was performed with
Gaussian 03 program suite by Prof. Takui and Prof. Sato’s Group in Osaka City
University. The spin—spin contributions to the ZFS parameters (D> and E>°) were
estimated by the McWeeny—Mizuno equation®®® with CIS/cc-pVDZ spin-densities at
the B3LYP/6-31G* optimized geometries. The two-electron dipole—dipole integrals
were calculated by homemade codes developed in Osaka City University.® It is noted
that the CIS spin density-based approach shows a tendency to overestimate the D value
for an extended m-conjugated system. The CIS calculations, nevertheless, deserved
important consideration in determining the sign of the D value and the principal axes
orientations of the D tensor of the systems under study, as shown in Figure 4.1.%4%

The NICS values were calculated by the gauge including atomic orbital (GIAO)
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mothod®®®" at the B3LYP/6-31G** level for the S, state or at the UB3LYP/6-31G**
level for the T, state based on the optimized geometries. The NICS values were
computed for the centers of the hexaphyrin macrocycles with zero height as NICS(0)
values, as given in the previous reports.?*

The T1-Sp energy gaps were obtained as following. The geometry optimizations for
the Sy state using RB3LYP/6-31G** were carried out. For the optimized geometries, the
single point energy calculations for the triplet states were performed by using
UB3LYP/6-31G**. The geometry optimization for the twisted [28]Hex model molecule
as the triplet state was also carried out. However, the optimized geometry represented a
planer conformation which is categorized as the planar [28]Hex. Thus, the optimized
geometries for the excited states were not adopted, since the structure in the T state is
frozen as described below. The SCF energy differences between these states are listed in
Table 4.4. The conformational preference of the twisted [28]Hex in the Sy state was
obtained by the RB3LYP/6-31G** calculations as shown in Table 4.4. It is known that
the basis function does not largely affect the state energies but the level of theory does.
This preference is probably an accidental coincidence with the predominance of the
twisted conformation at lower temperature, because the theoretical calculations were
carried out for the model molecules of the hexaphyrins in which the pentafluorophenyl
groups were replaced with the hydrogen atoms. It is known that the B3LYP theory
exaggerates the delocalization of m-conjugated pathways, overstabilizing the Mdobius
structures.®® However, the lack of the pentafluorophenyl groups in the B3LYP/6-31G**
calculations seems to compensate for this overstablization, giving rise to the preference
of the twisted structure, while the other method of M05-2X is reported to result in the

energetic preference of the Hickel structure for the [28]Hex model without the

85



pentafluorophenyl substituents as mentioned previously.®® From the above argument,
the Sy state energies in Table 4.4 seem to be appropriate for the aromaticity molecules of

[28]Hex and [26]Hex in Figure 4.1.

4.3 Results
4.3.1 UV-vis Absorption Measurements for the [26]Hex and [28]Hex

Figure 4.2 and Figure 4.3 show the absorption spectra of [28]Hex and [26]Hex
obtained at 77 K. In the absorption spectrum of [28]Hex at 77 K (Figure 4.2) the strong
absorption peak is observed at 619 nm. Also, the shoulder band around 640 nm is
obtained. These absorption bands correspond to the transition dipole moments along the
long and short molecular axes in the twisted Mobius [28]Hex, on the basis of the
calculated absorption spectrum?® and Figure 4.3 calculated by the ZINDO method. Thus,
650 nm excitation wavelength as pointed in Figure 4.2 was used to excite the transition
dipole moment along the short molecular axis. This will avoid the excitation of the other
transition dipole moments around 620 nm. A different MPS effect was observed when
598 nm excitation light was chosen, baceuse this light corresponds to the long-axis
excitation. Similar to the case of [28]Hex, 560 nm excitation wavelength was utilized to
excite the transition dipole moment along the long molecular axis, based on the

theoretically obtained absorption spectrum? calculated by the ZINDO method.

4.3.2 Time-resolved EPR experiments for the [26]Hex and [28]Hex
Figure 4.5 and Figure 4.6 show TREPR spectra of [28]Hex and [26]HeX, respectively.
These were obtained by irradiating the depolarized light, the light (L) parallel to By (L

/| Bg), and the light perpendicular to By (L L Bg). The symmetrical EPR lines were
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highly dependent upon the L direction. These effects indicate that the TREPR spectra
originate from anisotropic spin-spin dipolar interaction i.e. the ZFS interaction. This
tensor orientation is defined with respect to the optical transition dipole moment in the
molecule.®*® Figure 4.7 shows dependence of the TREPR spectra on the delay time for

[28]Hex.

4.3.3 Molecular Orbital Calculations for the [26]Hex and [28]Hex

Molecular orbitals (MOs) were computed for the planar [26]Hex and the twisted
Moabius [28]Hex in the T; states. In these calculations, the pentafluorophenyl groups in
Figure 4.1 were replaced with hydrogen atoms. Figure 4.8 illustrats the spin density
distributions of [26]Hex and [28]Hex obtained by the CIS method (CIS/cc-pVD2Z).
Figure 4.9 and Figure 4.10 represent the MOs of [26]Hex and [28]Hex calculated also
by the CIS method (CIS/cc-pVDZ). The data in Figure 4.8, Figure 4.9 and Figure 4.10
were provided from Prof. Takui and Prof. Sato’s group in Osaka City University.

As for the T, states, such overstablization effect will not happen in the aromatic
molecules due to the positive resonance energy in the antiaromatic w-conjugation
macrocycles. Because the localized spin density distribution has been obtained in the T,
state of the twisted [28]Hex model, the delocalization effect should be minor in the T,
state energy. The T, state calculation was performed at UM05-2X/6-31G* level in the
twisted [28]Hex model molecule for the optimized geometry by M05-2X/6-31G* level
in the Sy state. The spin density distribution has been clarified to be slightly more

delocalized than the distribution obtained by the UB3LYP/6-31G*.
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4.4 Discussion
4.4.1 Identification of the ZFS Tensor

The ZFS tensor can thus be determined by analyzing the TREPR spectra. And thus
we may characterize the electronic structures of the T states. The ZFS parameters of D
and E are defined in the spin-spin dipolar coupling, as expressed by equation (2.33) in
Chapter 2. Computations of the TREPR spectra were performed based on line shape
theory for the triplet state, as reported previously.” Details of the line shape analyses are
described as equation (2.57), (2.62) and (2.63) in Chapter 2.

Spin polarization of the microwave absorption (A) and the emission (E) originate
from the ISC anisotropy in the initial sublevel populations Px, Py, and Pz in the wave
functions of Tx, Ty, and T2."* The TREPR spectra of [28]Hex measured in toluene at
0.5 ps in Figure 4.5 represented an E/A/E/A/E/A polarization pattern. The ZFS
parameters of [28]Hex were thus obtained to be |D| = 532 (¥3) MHz and |E| = 18.2 (¥2)
MHz. The ZFS parameters of [26]Hex (Figure 4.6) and those of a butadiyne-substituted
free base diarylporphyrin (H,P)™ are also listed in Table 4.5.

The |E| value in [28]Hex is quite smaller than the |E| values of [26]Hex and H,P. This
denotes negligibly small spin density distribution difference between the X and Y
directions in [28]Hex. Since [26]Hex molecule is planar*® like H,P, the D value of
[26]Hex is expected to be positive (D > 0) because r1,” is greater than 3z1,%.”>"* In this
case, the principal Z-axis direction is out-of-plane. In contrast, the X- and Y-axes are
located at in-planes of [26]Hex in Figure 4.1a.”*™* Therefore, the large |E| value in
[26]Hex is explained by the delocalized electronic distribution for the planar rectangular
n-skeleton, supporting larger |[E/D| value in [26]Hex than |E/D]| in H2P in Table 4.5. This

is because H,P is rather square shaped. Under the present cryogenic conditions, the

88



twisted conformer is predominant in [28]Hex. This is confirmed by the absorption
spectrum in the ground state in Figure 4.2 and Figure 4.3.*° The quite small |E| value
compared with |D| (JE/D| = 0.0342) in [28]Hex in Table 4.5 thus indicates that the
unpaired electrons are not delocalized in the disordered molecular framework in Figure
4.1b. The small |E/D] also excludes conformation changes of the twisted *[28]Hex* to
yield planar *[28]Hex* at 77 K.** One possible interpretation of this small |E| is that the
unpaired electrons are separated from each other as a charge-transfer (CT) state,
resulting in ((y12® — x12%)/r12°) = 0 in E due to the twisted framework. For such separated
spins, D < 0 is reasonable in [28]Hex. The other possible explanation would be that the
two unpaired spins are both locally distributed at one side of the twisted ring of [28]Hex.
If these electrons reside along a long axis (Z), D < 0 is also expected. This situation is
attributable to the spin density distribution in the excited triplet state of a carotenoid.”"
7

The gross spin density distributions (Figure 4.8a) denoted a delocalized character in
planar [26]Hex. This well supports D > 0 together with the larger |E| value of the
rectangular molecule than |E| of *HyP in Table 4.5. In contrast, the twisted Mébius
[28]Hex demonstrated a localized spin density distribution (Figure 4.8b). This suggests
that the two unpaired spins are located at one side of the strip ring. This denotes the
local excitation (LE) state. Using the calculated configuration interaction (CI)
coefficients, as detailed in Figure 4.10, the contributions of the CT and LE characters
were estimated to be ca. CT:LE = 1.5 in the twisted Mdobius [28]Hex. These LE and CT

characters are both good agreement with the anticipated negative D value.
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4.4.2 The Orientation of the Principal D-Tensor axes

To determine the orientation of the principal D-tensor axes with respect to the
transition dipole moment (M) direction in [28]Hex, the MPS analyses were investigated
in Figure 4.5 at 0.5 ps.”®®° 650 nm light was chosen to photoexcite [28]Hex based on
the UV—vis absorption peaks (Figure 4.2 and Figure 4.3) corresponding to the direction
of M parallel to the short molecular axis, as reported previously.*® The calculated M in
Figure 4.11 agrees with the absorption band at around 650 nm at 77 K (Figure 4.2), as
explained in previous study.?® From the line shape analysis to fit the TREPR spectra of
Figure 4.5, the principal axis directions of the ZFS interaction of [28]Hex for the
negative D was obtained by using the polar (6 = 60°) and azimuthal (y = 40°) angles of
M in the principal XYZ axes system, as illustrated in Figure 4.11.

Together with the MPS effect, the direction of the Z-axis is determined by using the
anisotropy in ISC from the lowest excited singlet (S;) state to the triplet spin sublevels
because such anisotropies are affected by the spin-orbit coupling (SOC) scheme
between the singlet and triplet characters.”®"* In the case of the D < 0, Px = 0, Py = 0.60,
and Pz = 0.40 were obtained to fit the E/A/E/A/E/A polarization pattern, as expressed in
Figure 4.12. The S;—T; ISC takes place via the 'nn* — 3n’n* transition scheme by the
SOC with borrowing a high-lying *nn* state in the S; state of 'nn*.’> An n-orbital
character of orbital number #115 (Figure 4.13) is found from the MO calculation of a
[28]Hex model molecule at the B3LYP/6-31G* level. In the ZFS principal axes system
in Figure 4.11, the n-orbitals on the nitrogen atoms labeled by “N” in Figure 4.13 are
directing roughly to the Z- and X-axes. Also, the n-orbitals are orthogonal to the
n-orbitals (7’ in Figure 4.14) at the positions of nitrogen atoms. The S;—Tn ISCs may

thus occur for both the Ty and Tz sublevels (i.e., Py = Pz > Px) via SOC during the
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'nn* — 3p°* transitions in Figure 4.14 owing to its twisted molecular topology in
Figure 4.13. This is in line with the anisotropy in the ISC scheme obtained for the
negative D in Figure 4.12. It is concluded that the sign of D is negative with the
principal Z-axis directing along the long axis in the molecule. This also denotes that the
spin density distribution is not delocalized in the [28]Hex macrocycle in the T, state.
This is predicted by the MO calculations in Figure 4.8b. It is noted that this localized
character in the T state is also totally different from the delocalized character in the S;

state®® of the twisted [28]Hex. This is totally different characteristics from the

delocalized spin distributions in ®[26]Hex* (Figure 4.8a) and *HaP*.

4.4.3 Deactivation of the Triplet State of [28]Hex

Furthermore, the electronic structure of the T, state can be characterized by a change
of the EPR line shape, as represented in Figure 4.7 for t > 5 ps. From Figure 4.7a,d,g,
the line shapes were changed from the E/A/E/A/E/A pattern to A/A/A/E/E/E by the
delay time. Previously, time-dependent EPR spectra were explained in terms of
sublevel-dependent depopulations by a triplet—triplet energy transfer.®! In the presnet
case, the A/A/A/E/E/E pattern is explained by a quick Tz depletion, as shown in Figure
4.15. The time dependent transverse magnetizations were quantitatively fitted in Figure
4.16 with taking into account the sublevel populations for the several delay times as
determined by depletion rates (k-x, k-y, and k—z in Figure 4.15) from the X, Y, and Z
sublevels, respectively, as follows.

To compute the kinetic parameters of the non-radiative deactivation rate constants in
the excited triplet states, the delay time dependence of the transverse magnetizations

was quantitatively analyzed (Figure 4.16) using equation (4.1) by solving the triplet
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sublevel populations (011, p22 and ps3), as following:

P11 —k1z — kgisc (1) k21 0 kisc(1) P11
i P2z | _ kiz —ka1 — ka3 — kgisc(2) k3, kisc(2) P22
ot\ Ps3 0 ko3 —k3y — kgrisc(3) kisc(3) P33
Pas 0 0 0 —ky —ky —kz/ \Paa
(4.4)
with
kisc(@) = |Cixl?kx + |Ciy|*ky + |Ciz|%k (4.5)
and
krisc(D) = |Cixl?k_x + |Ciy|2k_y + |Ciz|*k_; (4.6)
where (Cix, Ciy, Ciz) for i =1, 2 and 3 are the eigenvectors that diagonalize the spin

Hamiltonian of the excited triplet state in the presence of the magnetic field. (kx, ky, kz)
and (kx, k., kz) are the anistropic S;-T; and T;-Sp ISC rate constats in the spin
sublevels at the zero-field. kj; (i < j) are the spin-lattice relaxation rates betwee the
sublevels and are treated as, kij = Kkji exp(9/Bo/ksT) with ki = k3. The spin-lattice
relaxation time is thus expressed as, Ty = 1/(kj; + kji). The time evolution of the density
matrix elements, pi1, o2, p33 and psi can be solved by using the matrices of the
eigenvectors (S) and the eigenvalues (7) of the relaxation matrix in equation(4.4) to be
p=S exp(nt) S'p(t = 0), with setting the initial population p(t = 0) dominated at the
excited singlet state (os1). The triplet deactivation rate constant is expressed as,

kr =3 (k_x + k_y + k_z) (4.7)

The EPR transition probabilities in T;—T, and T,—Ts are demonstrated as,®?

P21 = W1 {_QT+ +3C+ wo — i(TiZ)}_l (P22 — p11) (4.8)

P32 = W1 {_QT+ —3C+ wo — i(TiZ)}_l (P33 — P22) (4.9)

92



where
1
Qrs+ = gT,effﬁBO + EZiAT,i My ; (4.10)
C = %(1 — 3c0s%0) — g (cos?psin?@ — sin®¢psin?0) (4.11)

In equation (4.10), gr and At denote the effective g values and hyperfine coupling
constants in the excited triplet state. In the present system, the gr and At can be
regarded to be isotropic because the EPR spectra showed the symmetrical shapes. At =
0 was assumed. In equation (4.10), D and E are the ZFS constants mentioned above.

On the basis of the kinetic parameters of (kx, Ky, kz) and (kx, K.y, k-z) determined in
Figure 4.16, the sublevel populations for the zero-field levels was also calculated as the
function of the delay time, as shown in Figure 4.15. This demonstrates that the
AJAJA/E/E/E pattern is explained by the dominant Tz depletion for the later delay times.
The deactivation kinetics of kr = (k-x + k-y + k-2)/3 =16 ms ! from Figure 4.15 agrees
with the reported lifetime (90 ps) of *[28]Hex* at 170 K determined by the transient
absorption spectroscopy.®®

Deactivation of the triplet CT character *(D""~A™") as demonstrated by Figure 4.17
may result in the electron spin polarization in the triplet state. Figure 4.18 shows views
of the orbitals of © (number = 122a) and t* (123a) from the Y- and Z-axes, respectively.
These pictures are obtained by the DFT method of the T; state of the [28]Hex model
molecule. When these CT unpaired orbitals are adopted to be a configuration
contributing to the T, state, the two spins are separated from each other as illustrated in
Figure 4.18a. Because of the twisted molecular topology in the [28]Hex framework, the
n* orbital possesses an atomic orbital contribution that is orthogonal to the atomic

orbital participating in the = orbital. These atomic orbital contributions in =* and « are
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represented by the px and py, respectively, in Figure 4.18. In this case, the change of the
angular momentum is possible along the Z-axis through the n* — = transition by the
reverse ISC from *nn* to 7. This is because the rotation (L) of the px orbital results
in the py orbital, as expressed by the dotted arrows in Figure 4.18. The Tz depopulation
by the spin-flip is therefore explained by the effective SOC described by the matrix
element of ({D-A)Hsoc (D"~A™)) in the Tz sublevel. The above SOC-induced
deactivation is relevant to an ISC scheme in which SOC is operative during triplet
charge recombination between the orthogonal unpaired orbitals of D™ and A~ in the
singlet CT state of donor (D)—acceptor (A) linked molecules, as reported by
Wasielewski and coworkers.®® The present T, depopulation character demonstrates that
the intramolecular CT character is included in the T; state of the twisted [28]Hex. This
well explains CT:LE = 1:5 obtained from the CI coefficients in the triplet state in Figure
4.10. The D value of D = =746 MHz from the spin-spin contribution was calculated
based on the unpaired orbital distributions in Figure 4.8b obtained by the CIS
method.®*®*% The relation of D> = 1.4D is coincident with the correlations between
the computed D>° and the D values (Table 4.6) calculated for tetraphenylporphyrins and
hexaphyrins. This strongly supports the coexistence of the LE and CT characters in the
twisted [28]Hex. The theoretically calculated data in Table 4.6 were provided from Prof.
Takui and Prof. Sato’s group in Osaka City University.

Because the electronic characters in the T, states of the planar [26]Hex and the
twisted [28]Hex are very compatible with the theoretical calculations (Table 4.6), one
may evaluate the antiaromatic/aromatic characters of the T, states in both [26]Hex and
[28]Hex on the basis of the DFT calculations (Table 4.7 and Table 4.8). The validity of

using the (U)B3LYP levels of theory®®®* in the model molecules is detailed as below.
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The computed D value of D(M05-2X) = -763 MHz obtained by the M05-2X/6-31G*
method is almost identical with D(B3LYP) = -746 MHz obtained from the
UB3LYP/6-31G* level. This denotes that the electronic structure is unaffected by the
level of theory. The NICS(0) of the twisted Mobius [28]Hex denotes a large positive
NICS(0) of 60 ppm in the T, state. This is in contrast to the negative NICS(0) of —15
ppm in the S, state in Table 4.7, representing the reversal relationship between the
aromaticity and the antiaromaticity in the Sy and T, states, respectively. The state
energies (Table 4.4) of the Sy and T; states were also computed by using the DFT
calculations for the planar [26]Hex, the planar [28]Hex, and the twisted [28]Hex. In
planar [28]Hex, which is a conformational isomer of twisted [28]Hex, the T;—Sy energy
gap of AE(T1—Sp) was significantly smaller (0.29 ¢V) than the corresponding gap (1.10
eV) in the twisted [28]Hex in Table 4.4. This well explains the aromatic character in the
T, state of the planar [28]Hex since the energy difference (0.1 eV) is quite small
between the Sy states of the planar and twisted [28]Hex molecules,® i.e. Ty is highly
stable in planar [28]Hex because of aromaticity in the excited state with reversal to the
Hiickel [4n] antiaromaticity in Sp in accordance with Baird’s rule. This is confirmed by
the negative NICS(0) value of —17 ppm in the T; state (Table 4.7). On the ground-state
aromatic molecules of [26]Hex and twisted [28]Hex, AE(T1—Sp) = 1.10 eV was slightly
larger in the twisted [28]Hex than that (0.95 eV) in [26]Hex. The vertical T;-Sq energy
gap has been obtained to be 1.21 eV by the UMO05-2X/6-31G*. This energy is slightly
higher than 1.10 eV in Table 4.4. These results indicate that the localized spin density
distribution lowers the T; state energy. This is rationalized by the stronger spin-spin
exchange coupling in the excited triplet state. Notably, even when the spin density

distribution is more localized in the UB3LYP/6-31G* calculation for the twisted
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[28]Hex model, the T, state energy is still larger than that in the planar [26]Hex model
where spin density distribution is highly delocalized. Therefore this higher T1 level is
rationalized by the weakened exchange integral due to the involvement of the
intramolecular CT character. The higher Ty energy in the twisted 3[28]Hex* should not
be from the LE character, because the delocalized distribution leads to electronic
destabilization in the antiaromatic state due to the positive resonance energy™ for the
extended m-conjugation systems in [26]Hex* (Figure 4.8a). Therfore, the higher T,
state energy by the triplet CT character in [28]Hex* is caused by the electronic
destabilization due to a weakened spin-spin exchange interaction between the separated

unpaired orbitals in Figure 4.18a.

4.5 Conclusion

We have clarified the electronic structure of the T, state of [28]Hex by using the
TREPR method in combination with MO calculations for the twisted Mdbius aromatic
molecules. The involvement of the intramolecular CT character has been clarified
although the LE character at one side in the Mdbius strip ring of the macrocycle is
largely contributing to the electric structure. The weakened spin-spin exchange
interaction between the separated unpaired electrons may destabilize the triplet state
energy. This will contribute to the antiaromaticity. The quick SOC-induced triplet
deactivation faster than kr = 10* s* (Figure 4.15) can be an alternative important
barometer to demonstrate the “antiaromaticity” because of the connection between the
orthogonal CT character and the triplet instability. It is noted that kr is usually smaller
than 10* s* in an* of the planar metal-free Hiickel aromatic molecules at cryogenic

temperatures for AE(T:—So) =~ 1 ¢V.2*% This well represent the remarkably accelerated
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deactivation feature by the orthogonal *nn* (Figure 4.17a) in the antiaromatic T state.
Thus, the spin-dependent deactivation can be another way to understand the
untiaromaticity like the energetics and the ring current effects that are used to evaluate
the aromaticity/antiaromaticity. The relationship between the
aromaticity/antiaromaticity and the electronic structures is also informative for
understanding the fundamental chemical reactivity of Mobius aromatic molecules for

future designs of functional organic molecules.
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Figure 4.1. Molecular structures of (a) [26]Hex and (b) [28]Hex.
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Figure 4.2. UV-vis absorption spectrum of [28]Hex in toluene at 77 K. A peak shown
by state 3 at 630 nm corresponds to the transition dipole moment along the short

molecular axis. This assignment of the direction of the dipole moment was supported by

the theoretical calculation by the ZINDO method in Figure 4.3.
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State Energy Wavelength fosc T2 TX TY TZ
(cm-1) (nm) (au**2) (au) (au) (au)
1 9621.2 1039.4 0.021030423 02731961 =0278155 0.17696 -0.27834
2 11076.9 902.8 0.004695285 0.13955 0.33819 0.06104 -0.14646
3 18338.6 545.3 0.833275688 14.95887 0.81583 3.78057 —=0.02425
- 19891.3 502.7 3.057277836 50.59957 -7.06871 0.71557 -0.34767
S 22020.9 454.1 0.109928339 1.64342 1.01461 -0.71882 0.31192
6 22511.6 444.2 0.268258164 3.92303 1273955 0.94536 -0.05748
7 24841.7 402.5 0.051658297 0.68460 -0.03128 -0.82184 -0.090S53
8 26303.7 380.2 0.147300206 1.84358 -0.25084 -0.17144 1.32335
XY GabeditPlot
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Set data
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Figure 4.3. Calculated absorption spectrum and oscillator strength of twisted Mdbius
[28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms using the
ZINDO/S method for the B3LYP/6-31G** optimized geometry. The inset shows the
B3LYP/6-31G** optimized geometry and the molecular axes to express the directions
of the transition dipole moment. The state 3 (545 nm band as denoted by the arrow)
corresponds to the shoulder absorption band at 650 nm indicated by the arrow in Figure
4.3. The large transition intensity at TY in the state 3 is compatible with the direction of
M.
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Figure 4.4. UV-vis absorption spectrum of [26]Hex in toluene at 77 K.

a)Depolarized b) BOIIL C) BOJ.L

310 320 330 340 350 360 310 320 330 340 350 360 310 320 330 340 350 360

Magnetic field /mT

Figure 4.5. Experimental (black) and simulated (blue) TREPR spectra of [28]Hex
observed at 0.5 us after the 650 nm laser irradiations at 77 K in toluene. Depolarized
light was employed in the left. By / L and By L L indicate that the polarization
directions of the laser light (L) were parallel and perpendicular to the external magnetic

field (Bo), respectively.
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Figure 4.6. Experimental (black) and simulated (blue) TREPR spectra of [26]Hex
observed at 0.5 us after the 568 nm laser irradiations at 77 K in toluene. Depolarized
light was employed in the left. Bo_LL indicate that the polarization directions of the

laser light (L) were perpendicular to the external magnetic field (Bo), respectively.
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Figure 4.7. Experimental (black) and simulated (blue) TREPR spectra of [28]Hex
observed at 5 ps, 10 us and 20 us after the 650 nm laser irradiations at 77 K in toluene.
Depolarized light was employed in the left. By // L and By L L indicate that the
polarization directions of the laser light (L) were parallel and perpendicular to the

external magnetic field (By), respectively.
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Figure 4.8. Gross spin density distributions of (a) planar [26]Hex and (b) twisted
Mabius [28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms.

The CIS/cc-pVDZ level was employed for the B3LYP/6-31G* optimized geometry in

the ground state.
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Excited State 1: Triplet-AU
0.3517 eV 3525.53 nm =0.0000

118 ->124 0.13710
119 ->125 -0.12997
120 ->122 -0.19312
120 ->123 0.33234
121 ->122 0.49806
121 ->123 0.16107

Figure 4.9. Molecular orbitals in the excited triplet state of the model molecule of
planar [26]Hex obtained by the CIS/cc-pVDZ calculation for the B3LYP/6-31G*

optimized geometry.
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Excited State 1: Triplet-A
0.5932 eV 2090.25 nm =0.0000

119 ->125 0.11875
120 ->126 -0.12515
121 ->123 -0.21174
121 ->124 -0.33737
122 ->123 0.48908
122 ->124 -0.10656

A ‘ = 120

Figure 4.10. Molecular orbitals in the excited triplet state of the model molecule of
twisted Mobius [28]Hex obtained by the CIS/cc-pvVDZ calculation for the
B3LYP/6-31G* optimized geometry. The transitions between the orbital numbers of 119
-> 125, 121 -> 123, and 122 -> 124 are regarded as the CT characters. 120 -> 126, 121
-> 124, and 122 -> 123 transitions are attributable to the LE. From the CI coefficients of
0.119, -0.212 and -0.107 for transitions 119 -> 125, 121 -> 123, and 122 -> 124,
respectively, the CT character has been obtained to be 0.07 from a summation of the
square values of these coefficients. Similarly, from the coefficients of 0.125, -0.337 and
-0.489 for 120 -> 126, 121 -> 124, and 122 -> 123, the LE character has been obtained
to be 0.369. Thus, CT:LE = 1:5 is obtained.
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M7 X

Figure 4.11. Orientations (o0 = 60° and y = 40°) of the principal ZFS principal axes with
respect to the transition dipole moment (M) of [28]Hex determined by MPS. Views of

[28]Hex from the Y- and the Z-axes are shown in (a) and (b), respectively.

0.25 0 -_--'!] Ty
\ - TZ \. - 2E T

X
Figure 4.12. Relative populations in the triplet sublevels at 0.5 ps in [28]Hex in the

case of (a) D>0 and (b) D<0, respectively.
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Figure 4.13. n-Orbital character involving the 'nn* — *m’n * ISC, which induces the

angular momentum changes along the Y- and Z-axes.

Sn

() + 2{1(nm*)
ISC \_ 3(a'm")

T, Icﬁ(ﬂﬂ*)

Sq

So

Figure 4.14. Schematic representation of the S;—T; ISC in [28]Hex.
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Figure 4.15. Relative populations in the zero-field triplet sublevels obtained for D < 0

and E < 0 of [28]Hex at several delay times to account for the spin polarization changes.
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28|Hex] in toluene 28|Hex] in MTHF
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Figure 4.16. TREPR spectra of 28[Hex] in toluene (left) and in MTHF (right) obtained
by the depolarized laser irradiations at 77 K. The computed transverse magnetization
curves are shown by the red lines to reproduce the EPR spectra together with their
intensities for the given delay times. In toluene, (kx, kv, kz) = (1.0x10%, 1.2x10°
8.0x10%) s and (k-x, k-v, k-z) = (1.2x10% 1.3x10* 2.4x10%) s were set to reproduce
the data with T, = 5.5 ps as the spin-lattice relaxation time. In MTHF, (kx, ky, kz) =
(1.1x108, 3.1x108, 3.0x10%) s and (k-x, k-y, k-7) = (1.3x10%, 1.1x10% 1.9x10% s were
set with Ty = 7.5 ps. In MTHF, D = -527 MHz and E = -67 MHz were employed. From

eq.(4.7), kr= 1.6x10* s and 1.4x10* s™ were obtained as the triplet deactivation rate

constants in toluene and MTHF, respectively.
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Figure 4.17. Deactivation scheme of the T; state leading to Sp, contributing to

anisotropy in the T; sublevels to account for spin polarizations for t > 5 us in Figure 4.7,

Figure 4.18. The CT character is represented by the orbitals of n (orbital number =
122a) and ©n* (1230) obtained by the DFT calculation. The twisted molecules are
viewed from the Y- and Z-axes in (a) and (b), respectively. Representative topologies of
the localized unpaired orbitals are depicted by the p orbitals in (a) and (b),
demonstrating that SOC is effective as the angular momentum change (Lz) along the
Z-axis to cause the spin-flip (dotted arrows) for the TZ depopulation during the nn* —

nt2 transition.
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Table 4.1. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the planar

[26]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in the

ground state.

Center

Number
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Number
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1.106678
0.691849
-0.662921
-3.808521
-1.058534
-2.343431
3.808521
-3.581766
-5.162999
-5.837448
-5.247956
-5.886061
0.028637
-4.904077
-3.629070
-2.393655
-1.106678
-0.691849
0.662921
1.058534
-3.893129
2.343431
3.581766
5.162999
5.837448
5.247956
5.886061
4.904077
3.629070

2.917939
1.589754
1.597131
1.434611
2.924584
3.434130
-1.434611
2.777149
1.293088
0.064878
-1.198535
-2.478159
3.706267
-3.434708
-2.780904
-3.430325
-2.917939
-1.589754
-1.597131
-2.924584
-1.428599
-3.434130
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-0.064878
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3.434708
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-0.050762
-0.041082
-0.046001
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0.025410
0.028807
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-0.061289
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0.028632
0.017176
-0.184994
-0.656693
-0.645802
-0.166768
-0.029099
0.050762
0.046001
-0.001993
-0.025410
-0.028807
-0.105943
-0.122428
-0.028632



6
7
6
6
7
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

O O O O OO OO0 0O OO0 OO0 O OO O oo o o

112

2.393655
-0.028637
-4.842947
-5.831770

3.893129

4.842947

5.831770

1.332078
-1.341892
-2.370321
-4.930332
-6.902400
-6.922456
-3.248584
-6.955948
-5.026823
-2.429951
-1.332078

1.341892

2.370321

4.930332

6.902400

6.922456

3.248584

6.955948

5.026823

2.429951

3.430325
-3.706267
3.512010
2.587099
1.428599
-3.512010
-2.587099
0.790960
0.820800
4.498061
4.587470
2.740262
0.089267
-0.641487
-2.626821
-4.507611
-4.495924
-0.790960
-0.820800
-4.498061
-4.587470
-2.740262
-0.089267
0.641487
2.626821
4.507611
4.495924

-0.017176
0.061289
-0.154811
-0.102431
0.029099
0.154811
0.102431
1.004451
0.961502
-0.272274
-0.239542
-0.144818
0.035176
-0.018479
0.150936
0.174998
0.223963
-1.004451
-0.961502
0.272274
0.239542
0.144818
-0.035176
0.018479
-0.150936
-0.174998
-0.223963




Table 4.2. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the twisted

Madbius [28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in

the ground state.

Center

Number

Atomic
Number
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5.294390
6.207243
7.284221
5.466157
5.837423
4.071362
2.962736
1.631513
1.006298
1.464406
-0.301729
-1.020835
-0.534414
-1.617620
-2.840030
-3.875149
-3.797210
-4.938698
-5.880860
-4.606142
-5.413337
-5.030655
-5.960187
-7.036131
-5.213603
-5.554554
-3.828393
-2.714373
-1.393403

0.264498
1.273641
1.212805
2.323380
3.260244
1.995196
2.829103
2.451404
1.173655
0.255566
1.316025
0.515311
2.687582
3.355995
2.841137
3.577974
4.623389
2.737772
2.979391
1.454057
0.333763
-0.803644
-1.696964
-1.694197
-2.448264
-3.206981
-2.076315
-2.629715
-2.549402

-0.257046
-0.716129
-0.638420
-1.205216
-1.598314
-1.070278
-1.220946
-0.964787
-0.978276
-1.313167
-0.558084
-0.486417
-0.253937
0.332713
0.765789
1.435350
1.701920
1.656944
2.129301
1.116208
0.924898
0.188585
-0.485859
-0.364703
-1.343720
-2.036750
-1.114384
-1.755716
-1.299635
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-0.176348
-0.119052
0.871550
1.926087
0.331238
0.982292
2.365009
3.174829
2.803619
4.472285
5.362322
4.432164
5.497744
4.031818
3.233454
0.646128
0.836267
-3.317255
-2.927718
-3.745309
-1.036485
-1.724260
3.154274
-6.449078
-2.877047
-1.494073
3.170716
6.509682
0.384034

-2.836832
-3.152205
-2.639374
-2.781660
-2.294074
-2.289654
-2.127568
-2.636531
-3.180228
-2.361256
-2.603333
-1.590355
-0.850916
0.716856
0.176592
3.345838
4.301964
1.555562
0.762281
-1.083922
-2.218249
-1.904581
-1.495300
0.415255
-3.180136
4.422286
3.876577
-1.054371
-2.495360

-1.986904
-3.019818
-1.115299
-1.294394
0.166194
1.411010
1.573918
2.672045
3.531735
2.351571
2.918930
1.115664
0.558208
-0.569477
-0.221274
-0.579174
-0.321890
0.631148
0.125864
-0.171396
-0.007309
0.666324
0.657666
1.238612
-2.677609
0.505656
-1.421768
0.892727
2.295971



Table 4.3. Cartesian coordinate of B3LYP/6-31G** optimized geometry of the planer

[28]Hex whose pentafluorophenyl groups are replaced with hydrogen atoms in the

ground state.

Center

Number

Atomic
Number
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1.181631
0.700926
-0.660903
-3.848801
-1.122704
-2.383519
3.848800
-3.643432
-5.234174
-5.893684
-5.321886
-5.958981
0.031768
-4.966267
-3.710498
-2.440635
-1.181632
-0.700927
0.660901
1.122704
-3.959754
2.383518
3.643432
5.234173
5.893683
5.321885
5.958997
4.966267
3.710498

2.948964
1.656678
1.663075
1.446056
2.956901
3.452730
-1.446056
2.768191
1.288709
0.077307
-1.214618
-2.469135
3.707277
-3.446270
-2.799102
-3.453062
-2.948964
-1.656678
-1.663076
-2.956902
-1.450878
-3.452730
-2.768191
-1.288710
-0.077307
1.214618
2.469135
3.446271
2.799103

0.141404
0.595236
0.585129
0.023578
0.123279
-0.084531
-0.023585
-0.043826
0.012575
0.017227
0.017259
0.058062
-0.068845
0.073493
0.030490
0.057581
-0.141399
-0.595231
-0.585128
-0.123270
-0.007341
0.084531
0.043822
-0.012579
-0.017230
-0.017259
-0.058063
-0.073489
-0.030486
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2.440634
-0.031769
-4.902417
-5.894011

3.959753

4.902416

5.894011

0.038305

1.332287
-1.329697
-2.452024
-4.993401
-6.964829
-6.979778
-3.313981
-7.029498
-5.100172
-2.505770
-0.038305
-1.332287

1.329695

2.452024

4.993401

6.964828

6.979777

3.313980

7.029496

5.100171

2.505768

3.453061
-3.707275
3.506537
2.579051
1.450878
-3.506536
-2.579052
4.592361
0.852828
0.880046
4.511420
4.583796
2.736777
0.106386
-0.666575
-2.619490
-4.518682
-4.513231
-4.592366
-0.852828
-0.880048
-4.511419
-4.583795
-2.736778
-0.106386
0.666574
2.619490
4.518683
4.513231

-0.057575
0.068853
-0.104270
-0.055486
0.007346
0.104265
0.055475
-0.550166
0.945754
0.905434
-0.326752
-0.163705
-0.076066
0.013588
0.019509
0.077861
0.099760
0.290769
0.550162
-0.945749
-0.905436
0.326755
0.163701
0.076051
-0.013593
-0.019503
-0.077865
-0.099756
-0.290761




Table 4.4. Calculated state energies and the energy gaps between the T, and Sy states

obtained by the (U)B3LYP/6-31G** methods.

AE(T;-Sy) /
E(So) /Hartree  E(T;) /Hartree®
eV
[26]Hex -1483.688329  -1483.653502 0.95
[28]Hex
-1484.920999  -1484.910211 0.29
(planar)
[28]Hex
-1484.924953  -1484.884429 1.10°
(twisted)

* Obtained by the single point calculations for the optimized geometries in the Sy states.
® The vertical T;-So energy gap has been obtained to be 1.21 eV by the
(U)M05-2X/6-31G* level for the optimized geometry by M05-2X/6-31G* in the Sy
state. Since the excitation energies are not largely affected by the level of theory, T-Sy

energy gap = 1 eV is conclusive for the twisted [28]Hex, highlighting the remarkably

accelerated T -> S, deactivation character by the orthogonal S,
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Table 4.5. ZFS parameters (D and E) and anisotropies (P : Py : P,) of the populations at

the zero-field sublevels in [26]Hex, [28]Hex, H,P, and carotenoid.

D/MHz  E/MHz  [E/D| Px: Py:P;
[26]Hex? 813(+3)  -205(x3)  0.25 0.05:0.95:0.00
[28]Hex" 532(+3)  -182(x2) 0034  000:0.60:0.40
H,P® 1024(+3)  -144(+2) 014 0.47:0.53:0.00

Carotenoid®  -1160(+2)  -114(x2)  0.098 0.40:0.20:0.40

® In MTHF. ° In toluene. ° Taken from reference’?. ¢ Taken from reference’”. The

negative D is conclusive for Py: Py: P, = 0.4:0.2:0.4 to account for the E/E/A/E/A/E

polarization generated by the triplet-triplet energy transfer.
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Table 4.6. Calculated ZFS parameters of D*° and E obtained by the CIS calculation
together with the experimentally determined ZFS parameters of D(Exptl.) and E(Exptl.)
obtained for the phenyl substituted porphyins (H,P = Tetraphenylporphyrin, ZnP = Zinc
tetraphenylporphyrin, and MgP = Magnecium tetraphenylporphyrin) together with

hexaphyrins ([26]Hex and [28]Hex).

D(Exptl.) E(Exptl.)
SS SS
D /MHz E /MHz |E /D | |E/D|
/ MHz / MHz

[26]Hex(Planar)  +971° -24%  0.0258  +813° -205°  0.252
[28]Hex(Mobius) ~ —746° 3% 0.0041  -532°  -182°  0.034
H,P +1508*  —183*  0.121 11484 —2399  0.209
ZnP +1334 54" 0.040 911 ¢ —270¢  0.296
MgP +1358%  —78%  0.057 914" -255"  0.279

[a] The CIS calculations were undertaken for corresponding molecules whose phenyl
groups (or pentafluorophenyl groups) are replaced with hydrogen atoms at meso
positions. The CIS calculations tend to overestimate the D value for the extended ©
conjugated system due to the computations without the phenyl groups. However, a good
correlation obeying D¥ =14 D(Exptl.) is obtained between D and D(Exptl.). This
indicates a validity of the present computed electronic structure shown in Figure 4.11
with CT:LE = 1:5 to explain the ZFS parameters in the twisted [28]Hex. It is also noted
that the computed principal axes orientation (Figure 4.1b) of the spin-spin dipolar
interaction was consistent with the experimentally determined orientation in Figure
4.13. [b] Obtained in 2-methyltetrahydrofuran, [c] Obtained in toluene. [d] Taken from
reference®’. Absolute sign of D was not determined experimentally. [¢] Taken from
reference” . Absolute sign of D was not determined experimentally. [f] Taken from

reference®’, absolute sign of D was not determined experimentally.
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Table 4.7. Calculated NICS values (ppm) at the ring centers in the Sy and T; states of

planar [26]Hex, planar [28]Hex and twisted Mdbius [28]Hex.

[28]Hex (Planar) [28]Hex (Mdobius)

[26]Hex (Planar)
5. 5,0,3 3 3, 0,8,5 4
PR B B S ah R - ™ P 4
NICS(0) 28 29, .“ 20 29 ey -:: : |
JJ‘. a® J.‘Ja J‘J."‘ LY, .*JJ -3 4‘*‘, J-‘*‘
osition e R ey ‘e ea’?
" ettty Tetetetete T Nheanst.
So -16.75 45.88 -14.90
T, 41.72 -17.02 59.51
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Chapter 5
Electronic Structure of Room Temperature Phosphorescent Organic

Inclusion Crystals

5.1 Chapter Introduction

Room-temperature phosphorescence (RTP) materials have attracted great research
interest because of their long decay lifetimes and high emission quantum-yields.
Especially, the metal-free organic RTP compounds are promising for new materials
because of flexibilities and low-costs for devise applications. The RTP materials have
been widely applied to organic light-emitting diodes (OLED), bioimagings, and
chemical sensors due to these luminescence features.* *° Generally, most RTP materials
are inorganic or organometallic complexes including precious metals such as iridium or
platinum, because the phosphorescent emission from the organic compound are very
limited relative to the inorganic and organometallic materials due to weak spin-orbit
coupling.**** The phosphorescence is a spin-forbidden, radiative transition from the
lowest triplet excited (T,) state to the ground (Sp) state. To achieve the efficient RTP,
the intersystem crossing (ISC) from the singlet excited (S;) state to the T state needs to
be faster than the S; - Sy fluorescence and the nonradiative internal conversion (IC). In
particular, the T;-Sy radiative transition is required to be faster than the non-radiative
deactivation. It has however been quite difficult for the organic materials to cause
efficient RTP, because the T, state may deactivate non-radiatively due to the molecular
vibrations, collisions, and oxygen quenching.'>*°

Meanwhile, the organic metal-free pure organic RTP crystals and co-crystals have

recently been reported with controlled emission color and lifetime by tuning the
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emission properties.!” % These crystals showed the strong emissions while their
lifetimes are larger than the millisecond order at room temperature because of
crystallization and aggregation. In the supramolecular chemistry and crystal engineering
fields, porous crystalline materials such as inclusion crystals are reported to be
promising for the solid-state organic materials.*** In the functional materials including
the OLEDs, the triplet state is important from a perspective of exciton formation.
Namely, when the charge carriers recombine, triplet exciton is produced up to 75%
while singlet exciton formation efficiency is restricted to 25% by the spin statistics.”” %
And also, in these systems, the charge transfer (CT) interaction between the donor and
the acceptor molecules, and the distance between the guest and the host in the exciplex
affect the efficiency of the electron transfer or the energy transfer, and emission
properties.*>*® However, the magnitudes of the CT interaction are not known in the
inclusion crystal for the RTP. In addition, the hybridized excited-state configurations ((n,
7*) and (m, ©*) configurations) are the key factors for archiving the persistent efficient
pure organic RTP, with a help of the theoretical calculations.®”*° Deeper understanding
of the emission mechanism and the electronic structure is required for the future design
of these functions.®” 344/

In this study, we focused on how the organic inclusion crystals (Figure 5.1 and Figure
5.2) consisting of electron-acceptor host and donor guest molecules® play a role on the
electronic structures for the efficient RTP. These crystals show guest-dependent
color-tunable emission under UV-light irradiations due to the charge transfer
transition.*® Very interestingly, the inclusion crystals showed longer-lived emission with

higher quantum yield when the guest molecules are halogenated by heavy atoms. We

have herein studied the electronic structure and electronic couplings in the excited states
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of these compounds (Figure 5.1 and Figure 5.2). The ISC mechanism was also clarified

in the present systems by using the TREPR method at room temperature.

5.2 Materials and Methods
5.2.1 Materials and Sample Preparations

Organic inclusion crystals consisting of N,N’-bis(pyrid-3-yl)-1,4,5,8-pyromellitic
diimide (PMDI) or N,N’-bis(pyrid-3-yl)-1,4,5,8-naphthalenediimide (NDI) as an
acceptor host molecule; 3-bromo-1-fluorobenzene (3BrF), 4-bromo-1-fluorobenzene
(4BrF), 1-fluoro-3-iodobenzene (31F), or 3-iodo-1-methylbenzene (31Me) as a donor
guest molecule; and tris(pentafluorophenyl)-borane (TPFB), as designed by a
multicomponent molecular puzzles.*® These organic inclusion crystals and PMDI crystal
(powder crystals) were sealed in the quartz EPR sample tubes for emission spectra
measurements and time-resolved TREPR measurements at room-temperature. As a
model compound of the acceptor molecule, 2-ethylhexyl pyromellitic diimide
(2EH-PMDI) and 2-ethylhexyl naphthalenediimide (2EH-NDI) were dissolved in
2-methyltetrahydrofuran (MTHF) and toluene. The solutions were deoxygenated by the
freeze-pump-thaw cycle and it was also sealed in the EPR sample tube. MTHF (>
98.0 %), 3BrF (> 98.0 %), 4BrF (> 98.0 %) (EP grade) were purchased from Tokyo
Chemical Industry Co., Ltd. Toluene (guaranteed reagent, > 99.5 %) and acetonitrile
(super dehydrated, 99.8 %) were purchased from Wako Pure Chemical Industries, Ltd.
Silver nitrate (AgNO3; ACS reagent, > 99.0 %) and tetrabutylammonium
hexa-fluorophosphate (TBAPF6, 98 %) were purchased from Sigma-Aldrich Co. Llc.
These compounds were used as received without further purification. For the

electrochemical measurement, acetonitrile solutions of TBAPFs (0.1 M) and the donor
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molecule (3BrF, 4BrF; ca. 1-2 mM) as sample solutions, and acetonitrile solution of
TBAPFg (0.1 M) and AgNOg3 (0.01 M) as a solution for the reference electrode were

prepared. Process of the syethesis are described as below.

PMDI-3BrF system: PMDI (100mg, 1 equiv), TPFB (293 mg, 2.1 equiv) and
3-bromofluorobenzene (15.0 g, excess) were mixed in a sample tube. The mixture was
heated up to close to the boiling point, then cooled at 20 °C to obtain colorless crystals
(348 mg). PMDI-3BrF: [C74H22B2BrsF33sN4O4]. Colorless block (0.10 x 0.15 x 0.40
mm). Triclinic, P-1, a = 11.2440(11), b = 12.3469(12), ¢ = 13.5777(13) A, a =
69.822(2), = 72.675(2), y= 86.155(2) °, V = 1687.7(3) A% Z = 1, T = 100 K,
Puny = 1.886 g cm™, 1= 1.943 mm™. Of a total of 24954 reflections that were collected,

9048 were unique. Final R; = 0.0484 and wR, = 0.1245. GOF = 1.009.

PMDI-4BrF system: PMDI (100mg, 1 equiv), TPFB (290 mg, 2.1 equiv) and
4-bromofluorobenzene (15.0 g, excess) were mixed in a sample tube. The mixture was
heated up to close to the boiling point, then cooled at 60 °C to obtain colorless crystals
(318 mg). PMDI-4BrF: [C74H22B2BrsF33sN4O4]. Colorless block (0.25 x 0.25 x 0.40
mm). Triclinic, P-1, a = 10.7741(7), b = 12.6058(8), ¢ = 14.2683(9) A, o = 72.1865(10),
B= 77.6930(10), y= 70.9643(9) °, V = 1730.18(19) A%, z = 1, T = 100 K,
Puary = 1.842 ¢ cm’®, MU= 1.895mm’*. Of a total of 25567 reflections that were collected,

9278 were unique. Final R; = 0.0469 and wR, = 0.1366. GOF = 1.044.

PMDI (guest free) system: PMDI (100mg, 1 equiv), TPFB (290 mg, 2.1 equiv) and

1-bromo-3,4-difluorobenzene (15.0 g, excess) were mixed in a sample tube. The
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mixture was heated up to close to the boiling point, then cooled at 60 °C to obtain
colorless crystals (166 mg). PMDI (guest free): [CseH10B2F30N4O4]. Colorless block
(0.05 x 0.05 x 0.10 mm). Triclinic, P-1, a = 10.7352(13), b = 10.8684(14), ¢ =
21.953(3) A, « =102.233(2), = 94.321(3), = 91.008(2) °, V = 2492.6(6) A®, Z=2, T
=100 K, p,u,, = 1.858 g cm™, 2= 0.194 mm™. Of a total of 17436 reflections that were

collected, 12237 were unique. Final R; = 0.0633 and wR; = 0.1515. GOF = 1.059.

NDI-3IF system: NDI (100mg, 1 equiv), TPFB (250 mg, 2.1 equiv) and
3-iodofluorobenzene (25.0 g, excess) were mixed in a sample tube. The mixture was
heated up to close to the boiling point, then cooled at 60 °C to obtain colorless crystals
(390 mg). NDI-3IF: [CssH10B2F3N404]. Colorless block (0.05 x 0.14 x 0.17 mm).
Triclinic, P-1, a = 10.72(4), b = 11.69(5), ¢ = 13.55(6) A, & = 90.57(10), A= 103.40(10),
y=93.59(6) °, V = 1648.(12) A, Z = 1, T = 100 K, pyes, = 1.902 g cm™, 1 = 1.102
mm™. Of a total of 8127 reflections that were collected, 5682 were unique. Final R; =

0.0854 and wR, = 0.2391. GOF = 1.020.

NDI-3IMe system: NDI (100mg, 1 equiv), TPFB (250 mg, 2.1 equiv) and
3-iodotoluene (25.0 g, excess) were mixed in a sample tube. The mixture was heated up
to close to the boiling point, then cooled at 60 °C to obtain colorless crystals (403 mg).
NDI-3IMe: [Ci4gHs5:B4Fs4lsNgO4]. Pale yellow, block (0.50 x 0.50 x 0.30 mm).
Triclinic, P-1, a = 11.5056(8), b = 14.3930(7), ¢ = 21.3929(16) A, « = 101.507(6), 8=
97.604(6), = 93.927(5) °, V = 3424.5(4) A% 2 =1, T= 93K, pa, = 1.829 gcm™, =
1.059 mm™. Of a total of 22176 reflections that were collected, 22176 were unique.

Final R; = 0.0822 and wR; = 0.2835. GOF = 1.091.
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5.2.2 Emission Spectra Measurements

Emission spectra were measured by using a fluorescence spectrometer (JASCO,
FP-8300) at room temperature. The excitation wavelength was set to be Aexc= 340 nm.
UV-vis diffuse reflectance measurements were recorded using a JASCO V-670
spectrometer (JASCO) with an integration sphere attachment. Fluorescence excitation
and emission spectra were collected at room temperature on a Hitachi F-7000
fluorescence spectrometer. Emission spectra were collected in the range between
380-720 nm, with a scan speed of 240 nm/min, and the slits were set at 5.0 nm
(excitation slit) and 5.0 nm (emission slit). The excitation wavelength is 340 nm for
PMDI and 370 nm for NDI. The absolute photoluminescence quantum yields (@p)
were determined as a solid state using absolute PL quantum yields measurement system
C9920-02 (Hamamatsu photonics) after excitation at 340 nm for PMDI and 370 nm for
NDI. Time-resolved photoluminescence lifetimes were carried out by using
time-correlated single photon counting lifetime spectroscopy system, Quantaurus-Tau
C11367-02 (Hamamatsu photonics). The decay constants and fitting parameters for
transient decays were determined using the embedded software of Quantaurus-Tau.
Fluorescence images were visualized under fluorescence microscope (Carl Zeiss Axio
Imager.A2). The excitation source was a xenon lamp equipped with a band-pass filter

(330-380 nm), Emission > 420 nm.

5.2.3 Time-resolved EPR Measurements
TREPR spectra were recorded using an X-band continuous wave (CW) EPR
spectrometer (Bruker EMX) at room-temperature without magnetic field modulation.

For the measurement of sample in frozen solution at 77 K, the EPR sample tube was
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placed in a dewer bottle filled with liquid nitrogen installed in the EPR cavity. Detected
EPR signals were amplified by a wide-band preamplifier and taken in a digital
oscilloscope (Tektronix, DPO 3054). The nanosecond pulsed Nd:YAG laser
(Continuum, Minilite; 2= 355 nm) was utilized to excite the samples. The time-resolved
experiments were performed by synchronizing the pulsed laser to the digital
oscilloscope. A quartzs depolarizer (Sigmakoki, DEQ-1N) was placed between the laser

and the hole of the EPR cavity.

5.2.4 Electrochemical Measurements

Electrochemical measurement was carried out by electrochemical analyzer (BAS Inc.,
ALS, model 608ES) using a standard three-electrode configuration. The cyclic
voltammograms of donor molecules (3BrF, 4BrF) were obtained by taking grassy
carbon, Pt, and Ag/AgCl as working, counter, and reference electrodes, respectively at
room temperature. Sample solutions were deoxygenated by bubbling of Argon gas for 5

minutes prior to the measurement.

5.2.5 Theoretical Calculations

To investigate the excited singlet-state character, the molecular orbital calculations of
PMDI were carried out using the density functional theory (DFT) method and
time-dependent DFT (TD-DFT) method with the Becke’s three parameter hybrid

49-51

exchange functional and Lee-Yang-Parr correlation functional (B3LYP) with a

6-31G** basis set>>* by Gaussian 09 program package.**
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5.2.6 X-ray Crystal Structural Analysis

The crystals (PMDI-3BrF, PMDI-4BrF, PMDI-guest free and NDI-3IF) were
mounted on a loop. Diffraction data for the crystal samples was collected at 100 K on a
Bruker SMART APEX CCD detector with graphite-monochromated Mo Ka radiation
(1= 0.71073 A). From the collected data, unit cell, integration, absorption correction,
and space group were determined using the Bruker APEX3 software package.” The
data frames were integrated using SAINT and merged to give a unique data set for the
structure determination. Empirical absorption corrections by SADABS were carried out.
A crystal of NDI-3IMe was mounted on a loop. Data from X-ray diffraction were
collected at 93 K by a Rigaku XtaLAB mini CCD diffractometer equipped with graphite
monochromated Mo-Ka radiation (1= 0.71073 A). Collected data were integrated,
corrected, and scaled using the program CrysAlisPro.® The structures were refined
using SHELXT (Sheldrick, 2015)°" Intrinsic Phasing and SHELXL (Sheldrick, 2015).%®
All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were located at
calculated positions and included in the structure factor calculation but were not refined.

The program Olex2 was used as a graphical interface.>®

5.3 Results
5.3.1 Emission Properties of Organic Inclusion Crystals

Figure 5.3 shows emission spectra of organic inclusion crystals including 3BrF and
4BrF as a guest molecule (PMDI-3BrF system and PMDI-4BrF system in Figure 5.1)
under the UV light irradiation at room temperature. These crystals having bromine (Br)
atoms showed the emission lifetimes in the order of ms with high quantum yields up to

70%, obtained by using an integrating sphere unit. These lifetimes are significantly
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longer (3.94 ms ~ 6.56 ms) (Table 5.1) than the lifetimes (4.2 ns ~ 24.9 ns) in the case
of those organic inclusion crystals whose guests do not possess the Br atom, which are
composed of the TPFB, NDI as an acceptor, and the guests.*® These results indicate the
RTP. The PMDI-4BrF system showed red-shifted emission bands relative to the band
obtained in the PMDI-3BrF system. The emission spectrum of the phosphorescent
PMDI-3BrF system was almost identical with the emission spectrum from the crystal
consisting of PMDI and TPFB, which has no guest (Figure 5.4).

Figure 5.5 shows emission spectra of organic inclusion crystals including 3IF and
3IMe as the guest molecules (NDI-3IF system and NDI-3IMe system in Figure 5.2)
under UV light irradiation at room temperature. These crystals having iodine (1) atom
represent longer emission wavelength than in the case of those including bromine (Br)
atom. These crystals having iodine (I) atom exhibited slightly shorter lifetimes and
lower quantum yield (for example: 0.48 ms and 9 %, respectively in NDI-3IF system)
than those of the systems containing bromine atom. The emission lifetime is longer in
the NDI-3IF and NDI-31Me systems than in the case of those organic inclusion crystals
whose guests have no Br and | atoms, which are composed of the TPFB, NDI as an

acceptor, and the guests.*®

5.3.2 Time-resolved EPR Experiments for the Organic Inclusion Crystals

To confirm whether the long-lived emission was attributed to the triplet state or not,
we carried out a TREPR measurement for the photo-induced excited state at room
temperature. Figure 5.6 and Figure 5.7 represent TREPR spectra of PMDI-3BrF and
PMDI-4BrF systems, respectively, observed at room temperature. These spectra exhibit

the fine structures by the zero-field splitting (ZFS) interaction. The EPR signals from
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220 mT to 480 mT in Figure 5.6, as an example, are caused by Ams= £1 transition, and
the strong sharp signals around 160 mT are from Ams= +2 transition of the electron
spins between the triplet sublevels. Thus, these spectra (Figure 5.6 and Figure 5.7) were
assigned to the excited triplet states.

To confirm whether the room temperature luminescence from the iodine systems was
attributed to the triplet state or not, we performed the TREPR measurement as well as
the bromine system. Figure 5.8 and Figure 5.9 exhibit TREPR spectra of NDI-3IF and
NDI-3IMe systems, respectively, observed at room temperature. These spectra were

also assigned to the excited triplet states.

5.4 Discussion
5.4.1 Excited Triplet State of the Organic Inclusion Crystals Observed by TREPR
Method at Room Temperature.

To clarify the electronic structure of the room temperature luminescent state, the
spin-density distribution in the crystals was evaluated based on the EPR parameters
obtained from the line-shape analyses of the TREPR spectra, as shown with the
experimental spectra in Figure 5.6 and Figure 5.7.

In the PMDI-3BrF system (Figure 5.6), the ZFS parameters were determined to be |D|
=118 mT and |E| = 38 mT, as summarized in Table 5.2. These dipolar parameters well
agree with those obtained for the guest-free crystal composed of the host PMDI and
TPFB obtained at room temperature (Figure 5.10). And also, the line-shape of those
TREPR spectra and the ZFS parameters were almost identical with the model
compound of the host PMDI (2EH-PMDI) obtained in a frozen solution at 77 K (Figure

5.11). This indicates that the RTP is originating from the host PMDI molecule in the
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PMDI-3BrF system. |D| = 118 mT is very close to the D value (= 106 mT) in the excited
triplet state of naphthalene.?® This strongly suggests the *rn* character triplet state in
PMDI.

To obtain the crucial factor resulting in the long-lived luminescence at room
temperature, we characterized the ISC process in the RTP organic inclusion crystals
from the line shape analysis. The polarization pattern of the EPR transitions due to the
excited triplet state is explained by the ISC mechanism.®*®? This denotes that the triplet
state is formed by the spin-orbit coupling (SOC) as shown in Figure 5.12a. In the
spin-orbit coupling induced ISC (SOC-ISC) mechanism, spin-polarization occurs with
selective populations to the zero-field triplet sublevels, resulting in the generation of the
spin polarization depending on the direction of the external magnetic field.®® On the
other hand, in the hyperfine coupling induced ISC (HFC-ISC) mechanism,
spin-polarization results from the S-To mixing. In the present measurements, the
line-shape of the TREPR spectrum of the PMDI-3BrF system (Figure 5.6) was
reproduced using the SOC-ISC mechanism, as shown by equation (4.5) in chapter 4.
Thus, the TREPR spectrum is assigned to the excited triplet state generated via ISC
from the S; state through SOC, which is similar to the case of the guest-free crystal
composed of the host PMDI and TPFB obtained at room temperature (Figure 5.10) and
2EH-PMDI obtained in a frozen solution at 77 K (Figure 5.11). This result is in
disagreement with the case of thermally activated delayed fluorescence (TADF)
molecules, revealed by the TREPR method®® and by the resonant spin sensitive
measurements based EPR.% Thus, the RTP triplet state in the donor-acceptor system is
concluded to be formed by the SOC, while the TADF triplet state is due to the HFC

mechanism.
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The sign of D value cannot be directly determined by the line-shape analysis of the
TREPR spectrum. However the sign can be rationalized by anisotropic S;-T; ISC
scheme reflecting the molecular orbitals in the singlet and in the triplet states. In the the
guest-free PMDI:TPFB system, the spin-polarization pattern of the TREPR spectra
obtained at room temperature was reproduced by both positive and negative D value,
when the different combination of population ratios Px, Py, and Pz in the triplet
sublevels are employed, as in the case of the model molecule as a PMDI (2EH-PMDI)
in MTHF at 77 K. The sign of the D value was however determined to be positive as in
Figure 5.13a, as detailed below. PMDI possess the carbonyl oxygen atoms with the
lone-pair electrons. This heavy atom may contribute to the S;-T; ISC through SOC.
Such lone-pair electrons are well known to facilitate the ISC via an allowed transition
between 'nn* and *nn* states by the SOC. In the case that the forbidden transition
between the two nn* states are involved in the ISC, as represented in Figure 5.14, the
participation of the 'n* character by the vibronic coupling may play a role for the ISC.
On the basis of the n-orbitals on the carbonyl oxygen group orienting to the X-Y plane
of the PMDI molecule, the principal Z-axis is set to be the out-of-plane direction
(Figure 5.15 as referred from Figure 5.19) as well as PMDI in the PMDI-3BrF system
as mentioned later. Then nz* — an* transition via the *7’z* state in Figure 5.15b to
cause the internal conversion (IC) after the S;-T; ISC process (Figure 5.14) may
generate the triplet sublevels almost equally to the Tx and Ty through the SOC because

3
T

of the angular momentum changes along the X- and Y-axes during the ‘nn* —
transition. This scheme is represented by Px = Py >> Pz for D > 0. In the case of
negative D, overpopulation in the Pz value may explain the observed EPR line shape in

Figure 5.10. For the negative D, it is highly anticipated that the triplet PMDI takes on
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the *nm* character. However, the negative D is not coincident with the magnitude of D]
= 118 mT which is very close to the D value (=106 mT) in the excited triplet state of
naphthalene, because |D| = 118 mT is well compatible with the *zn* character by the
delocalized spin-spin interaction in the n-skelton.

In the case of the PMDI-3BrF system at room temperature, the ZFS parameters and
the population ratios Px, Py, and Pz in the triplet sublevels were both almost identical
with those for the guest-free crystal composed of the host PMDI and TPFB and the
2EH-PMDI at 77 K (Table 5.2). This suggests that the excited triplet state of PMDI has
the *mn* character in the PMDI-3BrF system with the positive D as well as the case in
the guest-free PMDI:TPFB system. This indicates that 3BrF does not contribute to the
RTP triplet character in the PMDI-3BrF system, which was in agreement with the little
CT character observed in the emission spectrum.

In the case of PMDI-4BrF system (Figure 5.7), the |D| value (=108 mT) is smaller
than that in the PMDI-3BrF system. The EPR results suggest the formation of the triplet
charge-transfer (CT) state between the host and the guest, as recently characterized by
TREPR spectra of a twisted [28]Hexaphyrin, as shown in chapter 4. The intermolecular
CT character is also indicated by the red-shifted emission band in the PMDI-4BrF
system with respect to the emission band in the PMDI-3BrF system (Figure 5.3). The
efficient formation of the triplet state can thus be interpreted in terms of the external
heavy-atom effect by the bromine atom in the guest molecule. In this system, relative
populations in the triplet sublevels were determined as Px >> Py > Pz when the sign of
D is assumed to be positive, as shown in Figure 5.13b.

The electron transition process of the PMDI-4BrF system is discussed, as follows.

Two kinds of process are discussed. One is tightly related to the phosphorescent triplet
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state of the electron donor acceptor (EDA) complex generated in the iridium(llI)
compound and tetracene system.® In the present PMDI-4BrF system, the excited triplet
state of PMDI (*PMDI*) would be formed via the excited singlet state (*PMDI¥)
through ISC after UV light irradiation. After that a rapid electron transfer from the guest
to the host may occur, resulting in the formation of the intermolecular triplet CT state in
the guest-PMDI system, i.e. 3(PMDI*+guest®") in contrast to the PMDI-3BrF system.
This scheme is however excluded, because the spin polarization pattern (E/A/E/A/EIA)
of the EPR spectrum in the PMDI-4BrF system is not reproduced by the electron spin
polarization transfer from the sublevel populations of Px ~ Py >> Pz obtained from
E/E/E/A/AIA pattern of PMDI*. Thus, it is proposed that that the intermolecular triplet
CT character between the host and the guest is formed after the photo-excitation by a
direct ISC using the bromine atom which can facilitate the S;-T; ISC through SOC.

The TREPR spectrum obtained in the PMDI-4BrF system (Figure 5.7) does not
exhibit the symmetric splitting line shape by the ZFS; the center magnetic field position
of the inner peaks (330 mT and 370 mT) is apparently shifted in comparison to the
center position of the outer-most peaks (250 mT and 450 mT). This reflects the
anisotropy in the g values. g values were determined to be g, = 2.002, which is
coincident with that of the free-electron and smaller than gy and gy, from the line-shape
analysis as expressed in Table 5.2. Since the m-electron spin density (pz character)
should be delocalized in the molecular plane, then the principal Z-axis providing the
largest dipolar splitting can be set to be the out-of-plane direction with respect to the
PMDI and the 4BrF (Figure 5.17). This results in D > 0.

Next, to determine the ISC mechanism in the PMDI-4BrF system, the triplet

sublevels are assigned as follows. Here, ZFS axes of PMDI-4BrF system are assumed
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that X- and Y-axes are along the short and long molecular axes with respect to the
PMDI. In this situation, sign of the E value is defined to be positive (E > 0). In terms of
4BrF, Y-axis is along the molecular axis connecting bromine and fluorine. In this case,
n-orbital on the bromine atom is perpendicular to the Y-axis (Figure 5.17c as referred
from Figure 5.20), thus, the Ty sublevel is expected to be most populated due to SOC
around the Y-axis, because the rotation of the n-orbital on the bromine atom around the
Y-axis leads to the =’ in Figure 5.17d. This is not consistent with the results of Px >> Py.
In contrast, when the contribution of c-orbital on the bromine atom is considered
(Figure 17e), Px >> Py can be explained by the SOC around the X-axis because the
rotation of the o -orbital on the bromine atom around the X-axis leads to the =’.

To verify the influence of the orbitals to the ISC due to SOC, their orbital energies
were checked. Figure 5.21 and Figure 5.22 represent the energies of the molecular
orbitals in the system of the unit of PMDI and 3BrF or 4BrF, respectively, whose
orientation was taken from the X-ray structures as exhibited in Figure 5.23 and Figure
5.24. Energy difference between n-orbital (#126 in Figure 5.19a) and =-orbital (#134 in
Figure 5.19a) of 3BrF as a guest (pointed in Figure 5.21) is large (1.2683 eV; obtained
from Table 5.4), indicating that it is difficult for n-orbital of 3BrF (guest) to participate
in the transition between 'nn* and *nn* states by vibronic coupling in the PMDI-3BrF
system. In contrast, in the PMDI-4BrF system, energy difference between n-orbital
(#127 in Figure 5.20a) and w-orbital (#133 in Figure 5.20a) of 4BrF as a guest (pointed
in Figure 5.22) is relatively small (0.9143 eV; obtained from Table 5.5), suggesting that
n-orbital of 4BrF (guest) can participate in the transition between ‘nn* and *nn* states
by the vibronic coupling in the PMDI-4BrF system. Moreover, the c-orbital is seen in

deeper HOMOs (#118, #117, and #116 in Figure 5.20b). This would explain that the
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c-orbital of 4BrF attend the transition between ‘on* and *mn* states by the vibronic
coupling in the PMDI-4BrF system. Notably, these orbitals of #118, #117, and #116 are
explained by the hybridizations between the o characters in 4BrF and the z-orbitals in
PMDI, while such a hybridization effect is absent in the n-orbital character in #127. The
participation of the = orbitals in PMDI in the o characters may induce the generation of
the locally excited triplet state character (3mtnost T™host) in PMDI by the SOC from the Lx,
while the Ly in the n-orbital character in #127 may induce the triplet CT character
(3n’guest ™*host) DY the SOC. If the contribution of the locally excited state character is
dominant in the triplet state, Px >> Py can be explained by the preferential contribution

of the I1SC from the *o 7% State.

5.4.2 Contribution of the Triplet CT Character to the RTP Organic Inclusion
Crystals.

To clarify the effect of the donor guest on the shift of the emission bands and to
assess the degree of the contribution of the triplet CT character to the RTP,
intermolecular interaction between the host and the guest molecules were confirmed
from the X-ray structure. Figure 5.23 and 5.24 show the crystal structure of PMDI-3BrF
and PMDI-4BrF systems. X-ray structure of the PMDI-3BrF system exhibits that the
guest and host molecules are perpendicularly oriented in the crystal (Figure 5.23), as
described above. On the other hand, PMDI-4BrF system shows that guest molecule is
oriented parallel to the host molecule (Figure 5.24, which results in the larger n-n
interaction between the guest and the host molecules because of the n-stacking. These
insights suggest that degree of the CT character depends on the orientation of the guest

and the host molecules in the organic inclusion crystal. Note that, a major cause of the
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observed RTP emission and the TREPR spectra came from the PMDI molecule whose
molecular motion is restricted in the crystal even at room temperature, as well as the
case of guest-free PMDI crystal (Figure 5.25).

To investigate the origin of the red-shifted emission band of PMDI-4BrF system
relative to the PMDI-3BrF system, we evaluated the degree of the triplet CT character
based on the D values, as follows. We evaluated the degree of the triplet CT character
based on the equation explained by linear combination as Dy; = a’Der+ b?Dig, where
a’+ b*=1,"° Dy, is an experimentally observed D-value, Dct is a D-value due to the
triplet CT state between the guest and the host molecules, D g is a D-value due to
excited triplet state of the host molecule, and “a” and “b” are the coefficient reflecting
the contribution of the D¢t and Dyg, respectively in our case. This equation represents
that D+, decreases with increase in the contribution of the triplet CT character, and it
illustrates the experimental results, as shown in Figure 5.26. In addition, we also
considered that ZFS parameter (D+1) is contributed by not only spin-spin coupling (Dss)
but also by the spin-orbit coupling (Dso) due to bromine atom. This effect was clarified
in duroquinone-N,N-dimethylaniline derivative systems by intrinsic enhancement
factors by the SOC mechanism polarization.®’

In the PMDI-4BrF system, when D (Dr;) value is contributed by the spin-spin
coupling, Tz sublevel energy in the pure CT (100% CT) character was estimated to be
Dss = -43 mT (< 0) by a distance between host and guest molecules (4 A) by
considering the X-ray structure (Figure 5.24). Moreover, when D (Dr;) value is
contributed by SOC, Tz sublevel energy in the pure CT (100% CT) character was
estimated to be D= 21 mT (=Dss+ Dso) (> 0) due to bromine atom.®” On the other

hand, Tz sublevel energy in the pure LE (0 % CT) character was estimated to be D 1=
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118 mT (> 0), which is determined by the PMDI-3BrF system and the guest-free PMDI
crystal. Thus, from the TREPR analysis, the CT character was estimated to be 13% for
the PMDI-4BrF system. The E-value is decreased with the decrease in the D-value
(Dr1-value), supporting the increase of the contribution of the triplet CT character with
the decrease in D.

To characterize the reason why the second sublevel (Tx sublevel) was most populated
in the PMDI-4BrF system (Figure 5.13b), the influence by the SOC to the triplet
sublevel energies is discussed. If the CT character is not contributed to the triplet state,
the same parameters such as ZFS parameters and combinations of Px, Py, and Pz values
had been obtained as well as the guest-free PMDI and TPFB crystal. In that case, the
triplet sublevels are assigned as represented in Figure 5.27a, which was determined by
the TREPR results of the guest-free crystal composed of PMDI and TPFB similar to
2EH-PMDI. Given that D (D;) value is determined by only spin-spin coupling,
negative D (Dss) was obtained in the pure CT (100% CT) in the PMDI-4BrF system as
described above, in which Tz sublevel is the highest (Figure 5.24b and Figure 5. 24d ).

However, when n-orbital on the bromine atom participates in the ISC due to SOC
around the Y-axis, in which the n-orbital on the bromine atom rotates around the Y-axis,
Tz and Tx sublevels are more stabilized.®® This would results in that Tz sublevel is close
to the Ty sublevel and that Tx sublevel is separated from Ty sublevel. In the PMDI-4BrF
system, Tz sublevel was 64 mT stabilized due to the SOC (21 mT (=Dss + Dso) + 43 mT
(=Dss), as mentioned above), which induce that Tx and Tz sublevels were reversed
resulting in positive D in appearance (Figure 5.24c). In the same way, when c-orbital on
the bromine atom participates in the ISC due to SOC around the X-axis, where the o

-orbital on the bromine atom rotates around the X-axis, Ty and Tz sublevels are more
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stabilized. This leads that Tz and Tx sublevels were reversed and that Ty sublevel was
separated from Tx sublevel, which also induce positive D in appearance (Figure 24e).
Therefore, the ZFS axes are defined as represented in Figure 5.24, and positive D was
obtained in the condition of 13% CT character.

To gain the further information about degree of the contribution of the triplet CT
character to the RTP, the oxidation potentials of the guests and the reduction potential
of the host were investigated. Figure 5.28 and Figure 5.29 show cyclic voltammogram
of the host (model molecule: 2EH-PMDI) and the guest molecules (3BrF and 4BrF),
respectively. The reduction potential of 2EH-PMDI is 1.16 V (vs. Fc/Fc+), and the
oxidation potential of 3BrF and 4BrF are 2.44 and 2.16 V (vs. Fc/Fc+), respectively.
The results of the electro-chemical measurement explain the oxidation potential of the
donor molecules decrease in order of 3BrF > 4BrF. Figure 5.30 demonstrates the
difference between the reduction potential (E.q) of 2EH-PMDI and the oxidation
potential (Eox) of 3BrF or 4BrF. Therefore, the larger intermolecular interaction in the
triplet CT state on the RTP estimated by the TREPR results is in good agreement with
the longer emission wavelength and the lower oxidation potential of the guest molecules.
These results share the view that CT character is mole dominant when the donor

molecule possess a relatively lower oxidation potential,®®"

and that exciplexes exhibit
tunable contribution of the CT character.”” And also, the energetic stability of the triplet
CT state evaluated by the TREPR results is supported by the oxidation potential of a
donor molecule. This is because the energy of a charge separated (CS) state of a
donor-acceptor complex is lowered by increasing of the HOMO level of a donor and

decreasing of the LUMO level of an acceptor.”

Moreover, to analyze the intermolecular charge-transfer (CT) interaction, we
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determined the electronic coupling between the host and the guest. The excited triplet
state of the PMDI-4BrF system has a contribution of the LE and the CT states as
mentioned above. The wavefunction of the T, state (&+11) is given by the linear
combination of the wavefunctions for the pure LE state (®.g) and the pure CT state
(Dc1) as |DP11> = CLe |PLe> + Cer|Dcr> where C g and Ccr are the mixing coefficients
of the LE and the CT states. Then, the electronic coupling between the host and the
guest in the T; state (Vi) was determined to be 0.17 eV by solving the secular equation
of the T, state as follows.

Figure 5.31 shows schematic energy diagram of the local excitation (LE) state and the
intermolecular charge-transfer (CT) state in the system of the PMDI as a host and the
4BrF as a guest. The electronic coupling between the host and the guest in the T, state
(Vhe) was determined as following. The wavefunction of the T state (&) is given by
the linear combination of the wavefunctions for the pure LE state (®.g) and the pure CT
state (Dcr) as

|®@11> = CLe | P> + Cer | P> (5.1)
where C g and Ccr are the mixing coefficients of the LE and the CT states.

The secular equation is given as

Eig—E Vg
Vhe Ecr — E

=0 (5.2)
from the following equations obtained by solving the Schrdédinger equation of the T;
state using the Hiickel approximation;
CLeELe + CetVhe = CieE (5.3)
CLeVhe + CctEct=CcrE (5.4)

where E e , Ect, and E are the energies of the pure LE, the pure CT, and the mixed

states, respectively. Here E g is 2.88 eV, which was obtained by the emission spectrum
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of the system of the PMDI as a host and the 3BrF as a guest at room temperature
(Figure 5.3). Ect is 3.32 eV, which was the difference between the reduction potential of
the 2EH-PMDI and the oxidation potential of the 4BrF. Note that the E ¢ and the Ect
are the experimentally estimated values, and they also correspond to the T, energy of
the pure LE state and the pure CT state, respectively. The sets of E can be defined as E;
and E; (E1 < Ey), then E; is acquired as 2.82 eV, which was obtained by the emission
spectrum of the system of the PMDI as a host and the 4BrF as a guest at room
temperature (Figure 5.3). In that case, the energy difference between the E, g and the E;
(AE) is given as 0.06 eV, and the energy difference between the E, and the Ectis
estimated as also 0.06 eV, and thus E; is lead to 3.38 eV. Thus, the Vi can be obtained
to be 0.17 eV using the E; or the E; by the equation (5.2).

However, since the reduction potential of the 2EH-PMDI and the oxidation potential
of the 4BrF were measured in acetonitrile, the effect of the solvent needs to be corrected.

The reorganization energy for the CT state (1s) was estimated as following. "

A = e (L+L_L)(i_l) (5.5)

4mey \2ry  2rg  Tcc/ \n? &

where ry and rg are the radius of the host and the guest molecules, respectively. rec is
the distance between the host and the guest molecules. nand & are the refractive index
and the dielectric constant of the solvent, respectively. Assuming that ry, =84 nm, rg= 30
nm, rcc = 40 nm based on the X-ray structure of the system of the PMDI as a host and
the 4BrF as a guest (Figure 5.24), n =1.34 (293 K) and & = 37.5 (293 K) of acetonitrile,
Js Was estimated to be -0.0017 eV. With taking account that estimated Ecris 0.0017 eV
stabilized by the solvent, actual Ect (Ecresr) IS estimated to be 3.3183 eV, thus, the Vi
that was considered with a solvent effect can be obtained as 0.17 eV. This is reasonable

because the Vg value is consistent with that of the Mulliken-type CT complexes
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formed in the DNA hairpin systems whose =n-mt distances are similar to that of
PMDI-4BrF system.”®™

Then, Ccr® = 0.11 was obtained, indicating the CT character was estimated to be
11 % for the PMDI-4BrF system based on the results of the emission spectra and the
CV measurements. This result is in good agreement with the degree of the CT character
estimated by the analyses of the TREPR results. Note that, the energy of the CT
character should be stabilized by Coulombic interaction, which estimated to be 3.59 eV
based on the distance between the host and the guest. However, the energy of the CT
character would be destabilized by surrounding environment. In fact, the CV data of the
hosts and the guests were measured in acetonitrile as a solvent but the hosts and the
guests are not surrounded by the solvent in the solid crystals, thus the stabilization
energy due to the Coulombic interaction is possible to be cancelled by the
destabilization energy such as reorganization energy due to surrounding molecules and
molecular motion.

Therefore, the excited triplet state of the PMDI-4BrF system has an intermolecular
CT character between the host and the guest at 13 %, namely, the LE character results
from the triplet state of the host is dominant in the triplet state at 87 %. This means that
the CT character contributes to the S;-T; ISC in a small proportion of 13 %, indicating
that Px >> Py can be demonstrated by the preferential contribution of the ISC from the
1((GgTEh)TC*h) state having a o-t conjugation, as exhibited in Figure 5.32. This suggest
that the hybridizations between the o-orbitals in 4BrF and the =-orbitals in PMDI
induce efficient ISC to increase the emission quantum-yield in comparison to that in the

PMDI-3BrF system that has little CT character.
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5.4.3 Triplet CT Character in the Organic Inclusion Crystals Including lodine
Atom in the Guests.

Interestingly and importantly, the contribution of the triplet CT character to the RTP
in the organic inclusion crystals including heavier halogen (bromine) atom was revealed.
In addition, the ISC mechanism was characterized in the system of bromine that forms
the triplet CT state. Then, to verify the emission properties and the intermolecular CT
character in other systems, we focused on the organic inclusion crystals including
heavier iodine atom (Figure 5.2).

In the NDI-3IF system (Figure 5.8), the ZFS parameters were determined to be |D| =
89 mT and |E| = 12 mT, which were smaller than those obtained in the PMDI-3BrF and
PMDI-4BrF systems. The ZFS parameters of the NDI-3IMe system (|D| = 86 mT and |E|
=10 mT) (Figure 5.9), similarly, are smaller than those obtained in the PMDI-3BrF and
PMDI-4BrF systems. These smaller |D| were assumed to be caused by the SOC due to
iodine atom.®” However, these |D| were larger than that of a model compound of the host
NDI (2EH-NDI) obtained in a frozen solution at 77 K (Figure 5.33), in contrast to the
PMDI-3BrF and PMDI-4BrF systems. This indicates that there is a contribution of the
CT character to the excited triplet states of the NDI-3IF and NDI-3IMe systems in
addition to the contribution of the large SOC to the |D| because of iodine atom. Figure
5.34 represents relative populations in the triplet sublevels, which determined as Py >>
Px > Pz when the sign of D in the NDI-3IF and the NDI-3IMe systems. In these
systems, X- and Y- axes of the ZFS should be more indistinguishable than the case of
the PMDI-3BrF and PMDI-4BrF systems because of the smaller |E|.

To determine the 1ISC mechanism in NDI-3IF system, triplet sublevels were assigned

as following. Here, ZFS axes of NDI-3IF system were assumed that X- and Y-axes were
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along the short and long molecular axes with respect to the NDI. In this case, sign of the
E value was defined to be positive (E > 0). Given that 3BrF is parallel to the NDI like
stacking orientation, n-orbital and o-orbital on the iodine atom exist in the X-Y-plane,
thus, the Tx and Ty sublevels expected to be more populated than Tz sublevel due to
SOC around the X- and Y-axes, in which the n-orbital and c-orbital on the iodine atom
rotate around the X- and Y-axes. The contribution of the n-orbital and c-orbital depends
on the orientation of the guest in the crystal although Py >> Px, and g, (= 2.002) << gy
and gy.

Next, degree of the CT character in the NDI-3IF was estimated considering the
contribution of the SOC to the ZFS parameter. Tz sublevel energy in the pure CT (100%
CT) state is supposed to be Dss = -43 mT (< 0) due to the spin-spin coupling by a
distance between host and guest molecules (4 A) as well as the PMDI-4BrF system.
Moreover, when D (Dr;) value is contributed by the SOC, Tz sublevel energy in the
pure CT (100% CT) state was supposed as D 11 = 21 mT (=Dss + Dso) (> 0) due to
bromine atom.®’ This means Dso is 64 mT in the bromine system, then Dso of the iodine
system is given as following. The SOC constants (¢) of bromine and iodine are 2456
cm™ and 5069 cm™, respectively.”® Dso is proportional to (&/&s)° thus Dso of the
iodine system is given as 273 mT in the iodine system and Tz sublevel energy in the
pure CT (100% CT) state was supposed as D 11 = 230 mT (=Dss + Dso) (> 0) due to
iodine atom, as represented in (Figure 5.35). On the other hand, Tz sublevel energy in
the pure LE (0% CT) state was supposed to be D 1= 78 mT (> 0), which is determined
by the host model molecule (2EH-NDI) at 77 K. Thus, from the TREPR analysis, the

CT character was estimated to be 9% for the NDI-3IF system.
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4.5 Conclusion

In conclusion, the electronic structures and the ISC mechanism of the RTP organic
inclusion crystals have been studied. The T, state of the crystals was observed by using
TREPR method at room temperature. In the PMDI-3BrF system whose guest is oriented
perpendicular to the host molecule, there is little CT character in the RTP triplet state.
On the other hand, the PMDI-4BrF system whose guest is oriented parallel to the host
molecule represents the CT character in the RTP triplet state. The contribution of the
triplet CT character was estimated to be PMDI-3BrF < PMDI-4BrF systems, which
result in the color-tunable RTP emissions. The S;-T; ISC mechanism has been
demonstrated that n-orbitals on the carbonyl oxygen in the host PMDI participate in the
ISC in the PMDI-3BrF system having little CT character. In contrast, in the PMDI-4BrF
system which shows triplet CT character, n-orbital and c-orbital on the bromine atom in
the guest participates in the ISC. This can form the triplet CT state through an allowed
transition between nn* and mn* states and between on* and na* states by vibronic
coupling. In the NDI-3IF and the NDI-3IMe systems whose guests have iodine atom,
the S;-T; ISC mechanism can be demonstrated as well as the PMDI-4BrF system.
However, |D| of the NDI-3IF and the NDI-31Me systems is larger than that of the host
model molecule (2EH-NDI). This is not in agreement with the tendency of the bromine
systems (PMDI-3BrF and PMDI-4BrF systems), which can be explained by considering
the larger contribution of the SOC to |D| rather than bromine systems. This would be a
first report on the electronic structure of the pure organic RTP triplet state at room
temperature in the donor-acceptor system. These results would help us to develop the
practical organic light emitting devices by controlling the triplet CT interaction in the

organic donor-acceptor systems depending on the guest or host molecules.
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Figure 5.1. Schematic illustration of the crystal structure of the organic inclusion

crystals and chemical structure of the constituent molecules including bromine atom in

the guests used in this study.
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Figure 5.2. Schematic illustration of the crystal structure of the organic inclusion

crystals and chemical structure of the constituent molecules including iodine atom in the

guests used in this study.
158



1.0+

0.8

0.6

0.4

0.2

Normalized Intensity (a.u.)

Guest: 3BrF
Guest: 4BrF

0.0+

Figure 5.3. Normalized
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emission spectra of organic inclusion crystals consisting of

4BrF as a guest, and TPFB, under 340 nm light excitation at

room temperature, which were measured by phosphorescence mode.
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Figure 5.4. Normalized emission spectra of organic crystal consisting of PMDI and

TPFB without guest molecule, under 340 nm light excitation at room temperature,

which were measured by phosphorescence mode.
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Figure 5.5. (a) Normalized emission spectra of organic inclusion crystals consisting of
NDI as a host; 3IF or 3IMe as a guest, and TPFB, under 405 nm light excitation for 31F
and 3IMe systems, respectively, at room temperature, which were measured by

phosphorescence mode.
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Figure 5.6. Experimental (black) and simulated (blue) TREPR spectra of organic
inclusion crystals consisting of TPFB, PMDI and 3BrF observed at 0.5 ps after the 355

nm laser irradiation at room temperature. “A” and “E” show absorption and emission of

microwave, respectively.
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Figure 5.7. Experimental (black) and simulated (blue) TREPR spectra of organic
inclusion crystals consisting of TPFB, PMDI and 4BrF observed at 0.5 ps after the 355

nm laser irradiation at room temperature. “A” and “E” show absorption and emission of

microwave, respectively.
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Figure 5.8. Experimental (black) and simulated (blue) TREPR spectra of organic
inclusion crystals consisting of TPFB, PMDI and 3IF observed at 0.5 ps after the 355
nm laser irradiation at room temperature. “A” and “E” show absorption and emission of

microwave, respectively.
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Figure 5.9. Experimental (black) and simulated (blue) TREPR spectra of organic
inclusion crystals consisting of TPFB, PMDI and 3IMe observed at 0.5 ps after the 355

nm laser irradiation at room temperature. “A” and “E” show absorption and emission of

microwave, respectively.
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Figure 5.10. Experimental (black) and simulated (blue) TREPR spectra of guest-free
organic crystal consisting of TPFB and PMDI observed at room temperature at 0.5 ps

after the 355 nm laser irradiation. “A” and “E” show absorption and emission of

microwave, respectively.
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Figure 5.11. Experimental (black) and simulated (blue) TREPR spectra of 2EH-PMDI

observed in 2-methyltetrahydrofuran at 77 K at 0.5 ps after the 355 nm laser irradiation.

“A” and “E” show absorption and emission of microwave, respectively.
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a) SOC-ISC b) HFC-ISC

Figure 5.12. Energy sublevels (in the case of D>0, E<0) and the EPR transition due to
the spin polarization for the T, state based on the (a) spin-orbit coupling induced ISC (in
the case of Px>> Py, Pz) and (b) hyperfine coupling with S-T, mixing induced ISC from

the S; state in the presence of external magnetic field along the X, Y, and Z axes of the

molecule.
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Figure 5.13. Triplet sublevels and relative populations through spin-orbit coupling for

organic inclusion crystals consisting of TPFB, PMDI and 3BrF in (a) or 4BrF in (b),

respectively.
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Figure 5.14. Schematic representation of the S;-T; ISC in the organic inclusion crystals

consisting of PMDI and TPFB.
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Figure 5.15. (a) n-Orbital character and (b) ’-orbital characters including the 'nn* —
Sm’m* ISC, which induces the angular momentum changes along the X- and Y-axes in

the organic inclusion crystals consisting of TPFB, PMDI and 3BrF.

A () +A (N)+AS (o)
S NSC e
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Figure 5.16. Schematic representation of the S;-T; ISC in the organic inclusion crystals

consisting of PMDI, 4BrF and TPFB.
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Figure 5.17. (a) n-Orbital character and (b) ’-orbital characters including the 'nn* —
S’ ISC, which induces the angular momentum changes along the X- and Y-axes in

the organic inclusion crystals consisting of TPFB, PMDI and 4BrF.
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method at the RB3LYP/6-31G** level.
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Figure 5.19a. Molecular orbitals of the singlet state of the system (from HOMO-13 to
LUMO+3) of the PMDI as a host and the 3BrF as a guest calculated by the DFT method

at the RB3LYP/6-31G** level.
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calculated by the DFT method at the RB3LYP/6-31G** level
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Figure 5.23. Crystal structure of organic inclusion crystals consisting of PMDI, TPFB,
and 3BrF determined by single crystal X-ray diffraction measurement, with principal
ZFS axes. Green and Orange atoms in the guest molecules represent the fluorine (F) and

the bromine (Br) atoms, respectively.
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Figure 5.24. Crystal structure of organic inclusion crystals consisting of PMDI, TPFB,
and 4BrF determined by single crystal X-ray diffraction measurement, with principal
ZFS axes. Green and Orange atoms in the guest molecules represent the fluorine (F) and
the bromine (Br) atoms, respectively.
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Figure 5.25. Crystal structure of guest-free organic crystal consisting of PMDI and

TPFB, determined by single crystal X-ray diffraction measurement.
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Figure 5.26. Schematic illustration of the spin-orbit coupling between the singlet CT

state and the triplet CT state.
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Figure 5.27. Schematic representation of the contribution of the intermolecular charge
transfer character in the T, state of the organic inclusion crystals consisting of the TPFB,

PMDI and 4BrF, which is estimated by the TREPR results.
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Figure 5.28. Cyclic voltammogram (V vs. Fc/Fc+) of 2EH-PMDI in acetonitrile.
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Figure 5.29. Cyclic voltammogram (V vs. Fc/Fc+) of 3BrF and 4BrF in acetonitrile.
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Figure 5.30. Schematic view of the difference between the reduction potential (Eeq) of
2EH-PMDI and the oxidation potential (Eox) of 3BrF and 4BrF, respectively. Dashed

line shows the VV=0.
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Figure 5.31. Schematic representation of the energy diagram of the local excitation
(LE) state and the intermolecular charge-transfer (CT) state in the T, state in the system

of the PMDI as a host and the 4BrF as a guest.
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Figure 5.32. o-Orbital character, n-orbital character, and w-orbital character of the 4BrF

(g: guest), and m-orbital character of the PMDI (h: host) including the *on* — *n’n*
ISC and 'nn* — 3n’n* ISC, which induces the angular momentum changes along the
(@) X- and (b) Y-axes in the organic inclusion crystals consisting of TPFB, PMDI and

4BrF.
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Figure 5.33. Experimental (black) and simulated (blue) TREPR spectra of 2EH-NDI
observed in 2-methyltetrahydrofuran at 77 K, at 0.5 ps after the 355 nm laser irradiation.

“A” and “E” show absorption and emission of microwave, respectively.
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Figure 5.34. Relative populations in the triplet sublevels at 0.5 us after laser irradiation

of (a) TPFB, NDI and 31IF and (b) TPFB, NDI and 3IMe, respectively.
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Figure 5.35. Schematic representation of the contribution of the intermolecular charge
transfer character in the T, state of the organic inclusion crystals consisting of the TPFB,

PMDI and 3IF, which is estimated by the TREPR results.

Table 5.1. Emission lifetime and quantum yield of organic inclusion crystals consisting

of PMDI as a host; 3BrF or 4BrF as a guest, and TPFB, obtained at room temperature.

Host Guest Tav I MS Dpr. | %
PMDI 3BrF 6.56 28.0
PMDI 4BrF 3.94 70.6
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Table 5.2. ZFS parameters (D and E) and anisotropies (Py: Py : P,) of the populations at

the zero-field sublevels in organic inclusion crystals consisting of PMDI as a host; 3BrF

or 4BrF as a guest, and TPFB, obtained at room temperature.

D

E

Host Guest |E/D| Px:Py:P; Ox: Oy: 0

/mT®  /mTP
PMDI  3BrF 118 38 0.322 0.50:0.50:0.00 2.002:2.002:2.002
PMDI  4BrF 108 24 0.222 0.86:0.14:0.00 2.005:2.005:2.002
PMDI  free 118 32 0.271 0.40:0.60:0.00 2.002:2.002:2.002
2EH- d d d d
oMDIC 118 38 0.322 0.50:0.50:0.00 2.002:2.002:2.002

i+, b +0.5, host model molecule, 4 obtained in 2-methyltetrahydrofuran at 77 K

Table 5.3. ZFS parameters (D and E) and anisotropies (Py: Py : P,) of the populations at

the zero-field sublevels in organic inclusion crystals consisting of NDI as a host; 3IF or

3IMe as a guest, and TPFB, obtained at room temperature.

Host  Guest D E |E/D| Px:Py: P, Ox: Oy: 0

/mT* /mT®
NDI 3IF 89 12 0.135 0.10:0.90:0.00 2.005:2.005:2.002
NDI 3IMe 86 10 0.116 0.05:0.95:0.00 2.002:2.002:2.002
2ER- d d d d
NDI° 78 1.0 0.0133 0.00:1.00:0.00 2.002:2.002:2.002

241, °+0.5, “host model molecule, ¢ obtained in 2-methyltetrahydrofuran at 77 K
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Table 5.4. Orbital energies in the unit of PMDI and 3BrF based on the X-ray structure,

calculated by the DFT method at the RB3LYP/6-31G** level.

Orbital Number Energy / hartree Energy / eV

LUMO+5 143 -0.0002 -0.00544228

LUMO+4 142 -0.04811 -1.309140454
LUMO+3 141 -0.05118 -1.392679452
LUMO+2 140 -0.05721 -1.556764194
LUMO+1 139 -0.08942 -2.433243388
LUMO 138 -0.0944 -2.56875616

HOMO 137 -0.10935 -2.97556659

HOMO-1 136 -0.14898 -4.053954372
HOMO-2 135 -0.19798 -5.387312972
HOMO-3 134 -0.22368 -6.086645952
HOMO-4 133 -0.22614 -6.153585996
HOMO-5 132 -0.23426 -6.374542564
HOMO-6 131 -0.23967 -6.521756238
HOMO-7 130 -0.24391 -6.637132574
HOMO-8 129 -0.25804 -7.021629656
HOMO-9 128 -0.26259 -7.145441526
HOMO-10 127 -0.26364 -7.174013496
HOMO-11 126 -0.27029 -7.354969306
HOMO-12 125 -0.27675 -7.53075495

HOMO-13 124 -0.29579 -8.048860006
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HOMO-14

HOMO-15

HOMO-16

HOMO-17

HOMO-18

HOMO-19

HOMO-20

HOMO-21

HOMO-22

HOMO-23

HOMO-24

HOMO-25

HOMO-26

HOMO-27

HOMO-28

HOMO-29

HOMO-30

HOMO-31

HOMO-32

123

122

121

120

119

118

117

116

115

114

113

112

111

110

109

108

107

106

105

-0.30907

-0.31385

-0.3207

-0.33904

-0.34175

-0.34524

-0.36189

-0.36436

-0.37103

-0.3722

-0.37499

-0.38566

-0.39647

-0.40233

-0.41087

-0.41612

-0.41934

-0.41944

-0.42232

-8.410227398

-8.54029789

-8.72669598

-9.225753056

-9.29949595

-9.394463736

-9.847533546

-9.914745704

-10.09624574

-10.12808308

-10.20400289

-10.49434852

-10.78850376

-10.94796256

-11.18034792

-11.32320777

-11.41082848

-11.41354962

-11.49191845
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Table 5.5. Orbital energies in the unit of PMDI and 4BrF based on the X-ray structure,

calculated by the DFT method at the RB3LYP/6-31G** level.

Orbital Number Energy / hartree Energy / eV

LUMO+5 144 -0.00721 -0.196194194
LUMO+4 143 -0.0129 -0.35102706

LUMO+3 142 -0.02449 -0.666407186
LUMO+2 141 -0.03801 -1.034305314
LUMO+1 140 -0.06796 -1.849286744
LUMO 139 -0.07377 -2.007384978
HOMO 138 -0.08727 -2.374738878
HOMO-1 137 -0.22652 -6.163926328
HOMO-2 136 -0.22843 -6.215900102
HOMO-3 135 -0.23238 -6.323385132
HOMO-4 134 -0.23752 -6.463251728
HOMO-5 133 -0.24324 -6.618900936
HOMO-6 132 -0.24545 -6.67903813

HOMO-7 131 -0.25364 -6.901899496
HOMO-8 130 -0.25755 -7.00829607

HOMO-9 129 -0.26126 -7.109250364
HOMO-10 128 -0.26733 -1.274423562
HOMO-11 127 -0.27684 -7.533203976
HOMO-12 126 -0.29528 -8.034982192
HOMO-13 125 -0.29581 -8.049404234
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HOMO-14

HOMO-15

HOMO-16

HOMO-17

HOMO-18

HOMO-19

HOMO-20

HOMO-21

HOMO-22

HOMO-23

HOMO-24

HOMO-25

HOMO-26

HOMO-27

HOMO-28

HOMO-29

HOMO-30

HOMO-31

HOMO-32
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123

122

121

120

119

118

117

116

115

114

113

112

111

110

109

108

107

106

-0.29948

-0.31846

-0.32456

-0.34473

-0.35616

-0.35917

-0.36492

-0.36711

-0.36962

-0.37943

-0.38066

-0.39637

-0.39831

-0.40021

-0.40425

-0.40859

-0.41026

-0.41103

-0.41829

-8.149270072

-8.665742444

-8.831731984

-9.380585922

-9.691612224

-9.773518538

-9.929984088

-9.989577054

-10.05787767

-10.3248215

-10.35829152

-10.78578262

-10.83857273

-10.89027439

-11.00020845

-11.11830593

-11.16374896

-11.18470174

-11.38225651

185



Table 5.6. Cartesian coordinate of the geometry of the unit of PMDI and 3BrF based on

the X-ray structure.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 35 0 1.323000 2.046000 0.908000
2 6 0 6.476000 1.282000 2.380000
3 6 0 6.071000 0.733000 1.055000
4 8 0 6.850000 2.385000 2.670000
5 6 0 0.903000 0.405000 1.712000
6 7 0 6.306000 0.217000 3.286000
7 6 0 5.635000 -0.572000 1.227000
8 6 0 6.079000 1.364000  -0.183000
9 6 0 -0.412000 0.068000 2.010000
10 6 0 1.934000  -0.478000 2.016000
11 6 0 5.741000 -0.923000 2.676000
12 6 0 6.652000 0.250000 4.669000
13 6 0 5.165000 -1.364000 0.183000
14 6 0 5.609000 0.572000 -1.227000
15 6 0 -0.697000  -1.152000 2.613000
16 1 0 -1.116000 0.671000 1.802000
17 6 0 1.648000 -1.698000 2.620000
18 1 0 2.832000 -0.247000 1.813000
19 8 0 5.410000 -1.924000 3.246000
20 6 0 5.710000 -0.148000 5.587000
21 6 0 7.924000 0.609000 5.094000
22 6 0 5.173000 -0.733000 -1.055000
23 6 0 5.503000 0.923000 -2.676000
24 9 0 -1.947000  -1.470000 2.891000
25 6 0 0.332000 -2.034000 2.918000
26 1 0 2.352000 -2.301000 2.828000
27 1 0 4.833000 -0.361000 5.288000
28 7 0 5.999000 -0.243000 6.903000
29 6 0 8.208000 0.513000 6.445000
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-6.445000
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-5.288000
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Table 5.7. Cartesian coordinate of the geometry of the unit of PMDI and 3BrF based on

the X-ray structure.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 35 0 -2.273780 2.328540 -0.611843
2 6 0 -1.099649  -0.767371 0.915057
3 6 0 -2.492160  -0.571723 1.398680
4 6 0 0.086323  -0.367999 1.509617
5 1 0 0.117360 0.085120 2.344769
6 6 0 -5.415041 0.082458 0.786430
7 1 0 -4.942583 0.828985 1.139345
8 6 0 -6.797478 0.113120 0.651662
9 1 0 -7.288359 0.872117 0.942113
10 6 0 -0.375567 2.415720  -0.558776
11 6 0 0.241125 2.821975 0.614344
12 1 0 -0.276861 3.073210 1.369786
13 1 0 2.066433 3.121898 1.462266
14 8 0 -2.875035  -0.060907 2.417860
15 6 0 -1.143061  -1.431257 -0.313286
16 7 0 -3.326615  -1.152348 0.412823
17 6 0 1.220646  -0.682124 0.785719
18 6 0 -4.741734  -1.066479 0.391801
19 6 0 -7.453247  -0.969292 0.095892
20 6 0 0.347879 2.068253  -1.681313
21 6 0 1.618934 2.854881 0.667732
22 6 0 -2.572355  -1.716745 -0.643672
23 6 0 -0.009387  -1.746565 -1.037605
24 6 0 2.650002 -0.397602 1.116354
25 6 0 1.176585  -1.347193  -0.443045
26 6 0 -5.453752  -2.135703  -0.107153
27 7 0 -6.792211  -2.071483  -0.282980
28 1 0 -8.395171  -0.930736  -0.023095
29 1 0 -0.100330 1.801019  -2.476517
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Chapter 6

Concluding Remarks

Organic compounds and self-assemblies such as m-conjugated and supramolecular
materials are attracted attention for the photofunctional solid-state materials that can
absorb and emit wide range of photon energy similar to solar energy. In the energy
migration, energy transfer, and electron transfer processes, excited triplet state plays a
critical role in the view of controlling their quantum yields and lifetimes. In the present
thesis, the author focused on photoinduced functionality of the excited triplet states in
the n-conjugated systems such as expanded porphyrins and the organic crystals. These
systems show interesting behavior, for example, absorption and emission property, and
energetically stability/instability, and so on, in the excited triplet state. Then, these
photoinduced functionalities were explored by using a TREPR spectroscopy.

In Chapter 4, the electronic character of the T; state of a MJbius aromatic
[28]hexaphyrin was crarified by employing a TREPR method with applied
magnetophotoselection measurements at 77 K. In the twisted Mobius [28]hexaphyrin,
the T, state possesses intramolecular CT character together with local excitation
character residing at one side in the Mdbius strip ring. The CT character between
orthogonal unpaired orbitals triggers triplet deactivation quickly by SOC. This
deactivation can be an important barometer to demonstrate the “antiaromaticity”
because of a connection between the orthogonal CT character and instability by a
weakened spin-spin exchange coupling in the T; state.

In Chapter 5, the electronic structures and the ISC mechanism of the RTP organic

inclusion crystals were revealed. The T, state of the crystals was observed by using
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TREPR method at room temperature. In the PMDI-3BrF system in which the guest is
perpendicularly oriented to the host represented little CT character in the RTP triplet
state. In contrast, the PMDI-4BrF system where the guest is parallel to the host
exhibited the CT character in the RTP triplet state. In the S;-T; ISC, n-orbitals on the
carbonyl oxygen in the host PMDI are attended in the PMDI-3BrF system having little
CT character. On the other hand, in the PMDI-4BrF system exhibiting the triplet CT
character, n-orbital and c-orbital on the bromine atom in the guest participate in the
S1-T1 ISC, which generates the triplet CT state via an allowed transition between nm*
and n* states and between on* and n* states by vibronic coupling.

In the PMDI-4BrF system, the CT and LE characters were determined to be 13% and
87%, respectively, in the excited triplet state. This indicates that the S;-T; ISC can be
explained by the hybridizations between the c-orbitals in 4BrF and the z-orbitals in
PMDI, namely '((cgmn)m*p) state, which rationalizes Px >> Py. Thus, these results
demonstrate that the o-n conjugation between the 4BrF and the PMDI accelerate the
ISC resulting in the increasing of the emission quantum-yield. In the NDI-3IF and the
NDI-3IMe systems whose guests have iodine atom, the S;-T; ISC mechanism can be
demonstrated as well as the PMDI-4BrF system.

In summary, the formation of the triplet CT state was confirmed by a TREPR method.
The degree of intramolecular or intermolecular CT character in the T, state was
estimated based on the configuration interaction. ZFS axes and the sign of D value were
determined based on the S;-T; ISC mechanism through SOC because of anisotropic ISC
rate. In the S;-T1 ISC process, allowed transitions between nn* and nn* states and
between on* and nn* states play important role by vibronic coupling with a change of

the angular momenta around the specific axes due to the SOC. This induce anisotropic
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ISC rate to the each triplet sublevel reflecting the initial populations in these triplet
sublevels. Especially, in the systems including heavier bromine and iodine atoms
represented apparent g-anisotropies depend on the degree of the intermolecular CT
character. In addition, triplet sublevels were stabilized because of the SOC due to the
heavier bromine and iodine atoms, which results in the reverse of the triplet sublevels
with reverse of the sign of the D value in the triplet CT state. The present study would
lead to further development of the photofunctional materials for efficient conversion
and storage of light energy and electrical energy such as a practical organic light
emitting devices by controlling the triplet CT interaction in the organic donor-acceptor

systems.
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