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Chapter 1

Chapter 1. General introduction

1-1. Quantum information science (QIS)

Here comes a second quantum revolution. In the first quantum revolution, methods to observe
or measure quantum were developed, such as a nuclear magnetic resonance (NMR) and an
electronic microscopy. In addition to detect them, the control of individual quantum systems and
the quantum properties such as quantum coherence or quantum entanglement were investigated
in the second quantum revolution to enable more powerful applications of quantum information.
These fields are called as quantum information science (QIS), which views the quantum particles

as units of information.

1-1-1. Quantum bit (qubit)

A bit is a fundamental concept in information theory, and a classical bit is represented by two
values, 0 and 1. In QIS, the concept of bits are extended to discrete quantum levels, and two
discrete quantum levels are considered as quantum bit (qubit). While a classical bit can only take
one state, 0 or 1, a qubit can take not only |0) and |1) but also their superposition state (Figure
1-1).

l¥) = al0) + B11) (1.1)
Where |) is “Dirac notation”, and a, f are coefficient of each state, respectively. The concept of
qubit can be applied for more advanced systems. When the quantum levels are consisted by three
or more levels, these are called qutrit of qudit.

There are several candidates of qubits. One of the typical examples of qubit are the two-level
systems of anharmonic oscillators, such as ground states and first excited states of atoms or
Josephson function on superconducting circuits.' Other examples of qubit are spins, which has
two-level systems of upward and downward spins, such as electron and nuclear spins.*’ The

superposition state properties of qubits can be applied to quantum technologies.
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Classical bit Quantum bit (qubit)

Figure 1-1. The difference of a classical bit and a quantum bit (qubit). A qubit can take |0), |1)

and these superposition state while a classical bit can take only O or 1.

1-1-2. Quantum technologies

The superposition of states in qubit are called as quantum coherence. The quantum coherence
of qubit can be generated by qubit manipulation of electromagnetic waves like microwave, radio
wave, or visible light. When there are couplings between qubits, the quantum states of qubits can
be mixed to form quantum entanglement, which is also unique to quantum mechanics. Utilizing
these quantum phenomena, QIS realize quantum technologies, quantum computing,'? quantum
communication,*” and quantum sensing,'®'? for example. Quantum computing is expected to
allow certain types of calculations to be performed faster. Quantum communication is considered
to improve the security and the speed of communication. Quantum sensing is anticipated to make

sensors having better superior sensitivity and resolution.

1-1-3. Quantum sensing

The quantum coherence are fragile and easily lost by environmental fluctuations, but in other
words, they can detect even slight stimulus. In addition, the size of qubits are microscopic (< um
~nm), and higher spatial resolution can be expected. By using the quantum properties effectively,
quantum sensing obtains an improved sensitivity or resolution comparing to the classical ones
(Figure 1-2), which realizes detections of emergent matters and phenomena such as single
13-15

molecules or dark matters, bringing a large impact for various fields.

According to Degen et al., quantum sensing is defined as satisfying one or, in a narrower sense,
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all of the following three conditions.™
(1) Use quantum objects which have quantized energy levels to measure physical quantities.
(2) Use quantum coherence (superposition states) to measure physical quantities.
(3) Use quantum entanglement to improve the sensitivity and accuracy of measurements,
preferably beyond the classical limit.
Although the first two definitions are broader than the last definition and contain systems which
are not strictly quantum such as classical wave interference, the quantum sensors belonging the
definitions (1) and (2) are often closer to the applications.

The advantages of using quantum entanglement can be explained as follows: One of the typical
quantum entangled states are called the Bell state or EPR state'® and composed of the following

four wave functions.

1Boo) =5 (100) + 111 (1.2)
1Bo2) = 5 (101) + 110) (13)
100 = 7= 100) = 11) (14
B2 = 7= 101) ~ 10) (15)

Taking [Boo) as an example, if the result of the measurement of the first qubit is |0), the state of
the other qubit is also found to be |0). On the other hand, if the first qubit is |1), the other qubit
is also found to be |1). Thus, by using a quantum entangled state, it is possible to measure all
other entangled qubits by measuring the state of one qubit among multiple entangled qubits. The
sensitivity of quantum sensing can be improved by utilizing a quantum entanglement, for example,
N entangled qubit systems can enhance the sensitivity by a factor of +VN in a Ramsey
relaxometry protocol, which is a method to determine the resonance frequency of particles in

magnetic resonance.!



Chapter 1

5
10 =
T Single NV Center 7 4

—~~ e W=y
X101 —

| Single Electron )

N - Transistors (SET) @

I o NV Center
!T -1 f ® Ensembles

E 10 : -

> i o0
N .

= 40
iy = Rydberg Atoms
= 1
= i :

(2}

C 1 0‘7 - Single Charge q
()] Detection at ‘
(d)] - Single Molecule -

_‘ Resolution
-10
T T T T T T T T T
-10 -8 -6 -4 -2 0
10 10 10 10 10 10

Spatial Resolution (m)

Figure 1-2. Electric field sensitivity (V m™ Hz'?) of quantum sensor candidates. The gray area
is the sensitivity and the spatial resolution desirable for single charge detection. Reproduced with

permission from reference 17. Copyright 2021 American Chemical Society.
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1-2. Quantum sensors
The qubits used for quantum sensing are called quantum sensors. Quantum sensor should not
only work as qubit like other quantum technologies, but also respond to the external environment

as a sensor.

1-2-1. Criteria of qubits for quantum sensing

The requirements for a qubit for quantum sensing are as follows (Figure 1-3):

(1) Qubit must be able to be initialized.
(2) Qubit must have sufficiently long coherence time.
(3) Qubit can change its quantum state by interacting with the sensing target.

Firstly, qubits should from well-defined initial state. The quantum coherence is generated from
the initialized state, and the degree of the quantum coherence is determined by the purity of
initialized state.

For the second requirement, a coherence time, which is a duration of the superposition state, is
an important parameter of quantum sensing. Because the quantum coherence will be lost by
fluctuations from environments during the qubit manipulation, a long coherence time is desirable
to obtain a better sensitivity. For example, the sensitivity (defined as the minimum detectable
signal per unit time) of Ramsey interferometry is proportional to the 1/2 to 3/2 power of the
coherence time."

Although above two requirements are also essential for other quantum technologies, the third
criteria is specific to quantum sensing. The quantum state of qubit such as the energy between
quantum levels, the coherent states, or the entangled states should be altered by some stimulus.
These changes in the quantum states were readout by qubit manipulation as well as the generation

of the quantum coherence.
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Figure 1-3. Schematic image of an example of quantum sensing. The qubit is firstly initialized to
the well-defined state and then converted to the superposition state. The superposition state is
altered by external stimulus, which is appeared as the change in the phase of the state. Finally, the

superposition state is readout as |0) and |1), and the output varies with the phase.

1-2-2. Electron spin-based qubits

There are several quantum sensors satisfying above mentioned criteria, trapped ions, Rydberg
atoms, and atomic vapor, for example.'®?' Among the various systems, electron-spin based qubits
are widely studied as quantum sensors. For typical spin-1/2 systems such as radicals, the
downward spins and the upward spins can be considered as |0) and |1), respectively, and these

states are controlled by microwave as electron paramagnetic resonance (EPR).
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1-2-2-1. Quantum coherence and operation of electron spin-based qubits

The energy difference of these levels are mainly determined by Zeeman splitting, which is an
energy splitting derived from the interaction between a spin and a magnetic field. In Bloch sphere,
the direction parallel to the orientation of upward and downward spins are defined as z axis
(Figure 1-4). For electron spins having a negative gyromagnetic ratio in the thermal equilibrium
state, the number (population) of downward spins are larger than that of upward spins, thus the
overall spin direction are aligned to antiparallel to the magnetic field. This can works as an initial
state of qubits.

When a microwave that resonate the energy difference is applied to spin systems, the directions
of spins rotate in a Bloch sphere. For the strong microwave, the flip angle S, of spins is
proportional to the intensity (wnu) and the length (1,) of the microwave:

Bp = Wnut Ty (1.6)
This microwave-induced spin rotation is known as Rabi oscillation (or nutation), and the
frequency of the oscillation is Rabi frequency (nutation frequency). Rabi oscillation is often
measured to show that the system is available as a qubit. The frequency is determined by the spin

multiplicity S and the quantum number of spin sublevels ms as follows:

B
Wnyt = gﬂg ! \/S(S + 1) - ms(ms t+ 1) (1-7)

Where g, us, Bi, and / are g value of electron spin, Bohr magneton of electron, the microwave
field strength, and Dirac constant, respectively. Since the direction of spin rotation can be
controlled by the direction of microwave, by proper microwave irradiations, the spins are operated
arbitrary in the sphere.

These operations by microwave are correspond to basic logic gate operations. NOT gate is a

gate that inverts |0) and |1), and also called as X gate. X gate is represented as follows:

_ (0 1
x=(] o) (1.8)
Denote the quantum state in (1.1) as follows:
a

a|0) + BI1) s(ﬁ) (1.9)

When X gate is applied to this state, the output of the gate operation is given as

ay _ (0 1\ (x_ (B

x(p)=(; o) ()= () (110)
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Figure 1-4. (a) Bloch sphere and (b) its operation. When microwave is applied to the system, the

spins rotate about an axis in the direction of the microwave irradiation. In (b), microwave is
applied from y-axis direction. The flip angle (f3,) and the speed (wnu) are determined by the length

and the strength of the microwave.

Y gate and Z gate are represented as

-7 (1.11)
z=(; °) (1.12)

These operations are corresponded to rotating the spin by 180 degrees about an axis in each
direction on the Bloch sphere (called as = pulse in the field of magnetic resonance).

Hadamard gate (H) is an operation to convert |0) and |1) to superposition states.

11 1
H= 5(1 ) (1.13)
When this gate is applied to |0), the output of the gate operation is given as
. 11 1ymy_1n
H(o) - ﬁ(1 _1) (o) - \/7(1) (1.14)

This means |0) is altered to superposition of |0) and |1).
By adjusting the angle of rotation as in equation (1.6), arbitrary operations are possible for a

one-qubit system. Rotation around x-axis, y-axis, and z-axis are written as

1 1
cosEB —isinEH
R,(0) = 1 1 (1.15)
—i sinEB COSEH
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1 1
cos—60 —sin—=0

_ 2 2
Ry©®)=| r r (1.16)
SlI’l2 COS >

i
exp(—EQO) 0

R,(¢) = (1.17)

0 exp % 1)
where 6 and ¢ are rotation angle around x-axis or y-axis, and z-axis, respectively. In EPR
measurement, a microwave pulse that is correspond to the quarter rotation in the Bloch sphere
(/2 pulse) converts the spins aligned in z-axis to xy-plane, this is equivalent to produce quantum
coherence of qubits. For example, quantum coherence is generated by applying n/2 pulse to |0)

around y-axis.

1 1
cos—=m —sin—m 1 B 1
R, (%) ((1)) = o fﬂ N fn ((1)) == (1 11) ((1)) - (D (1.18)
4 4

Hadamard gate is formed by a combination of 7/2 rotation along y-axis and & rotation along x-

axis.

1-2-2-2. Generation of quantum entanglement

For the operations of two or more qubits, arbitrary operations can be performed by using single
qubit gates mentioned above and controlled NOT (CNOT) gate, which is a representative two
qubit gate.”” In CNOT gate operation, one of the two qubits is used as a control qubit while the
another is used as a target qubit. When the state of the control qubit is |0), the state of the target
qubit is not altered, but when the control qubit is |1), the state of the target qubit is inverted. Thus,

CNOT gate is represented as

100 0
(o1 0 0

CNOT= |, o o 1 (1.19)
00 10

where each line means conversions for |00), [01), |10), and [11), respectively. Therefore,
|00) and |01) are unchanged by CNOT gate, while |10) and |11) are inverted. Entanglement
of qubits can be generated by using 7/2 pulse following CNOT operation. Take |00) as an

example, the qubits change as follows:
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1 1 0 -1 0\ /1 1
m™m[fo)l_ 1[o o o ol[fo)_1fo
Rly(z)o_ 211 0 1 oflo) 2|1 (1.20)
0 00 0 0/\0 0
1 1 0 0 0\ /1 1
1fol_ 1I({o 1 0 olfo)_11]o
CN0T21— =lo 0 0 1]11]770 (1.21)
0 0 01 0/ \o 1
where
10 -1 0
momy (1 0y _ 1/1 -1 1 0y_[(0 0 0 O
Rly(i)_Ry(E)‘g(o 1)_5(1 1)®(0 1)_ 10 1 0 (1.22)
00 0 O

The symbol & means a direct product of the two matrices. Bell state in equation (1.2)-(1.5) can
be obtained from above operations. In this sequence, the first @/2 pulse is applied to only the
control qubit, meaning selective pulse operation and the different resonance frequency are

required for the generation of entanglement.

1-2-2-3. Readout of quantum coherence

The quantum coherence of electron spins can be readout by a microwave (Figure 1-5). Typical
way of microwave readout is using pulse sequence called as spin echo (also called as Hahn echo).
In the spin echo sequence, firstly the quantum coherence is generated by m/2 pulse, and this
quantum coherence is operated by following a m pulse that inverses the direction of spins is
applied after a certain time interval t from the first 7/2 pulse. As a result, after a same interval t
from the m pulse, an echo signal is obtained with the information of the coherent state.

In section 1-2-2-1, only a single spin was treated, but there are many spins in the system and
the average of the ensemble should be considered. This will be possible by introducing a density
operator p. The density operator is defined as

p= )yl (1.23)
where the overbar means the average over the ensemble. For spin-1/2 systems, the density

operator are written as

pP= (5001 37110) (1.24)

using the populations of each level py and pi, and the coherence between two levels pio and por.
The diagonal part of the density operator shows the population of the system, and the non-

diagonal part shows the coherence. The rotation of the density operator is denoted as

10
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pr = Ry(6) piR.(—6) (1.25)
The same is applicable for rotations in other directions. The spin echo sequence is explained using

the density operator. Assume the population of |0) is unity in the initial state p,, i.e.

pa=(y o) (1.26)

The density operator just after the first /2 pulse is

1 — 1 1
=@ (D=0 DG VS D-2E D ax

The generated coherence rotate in xy-plane by Larmor precession and the density operator

changes as follows between the interval t:

Pc = Pp EXP {(—iu)o - Tiz) T} = %exp {(—iwo — le) 1'} (1 1) (1.28)

where wo is Larmor frequency of each spin and 7> is spin—spin relaxation time (same as coherence
time for electron spin). The value wy is different by spins because of inhomogeneity of local
magnetic fields. Therefore, the quantum coherence lost quickly by two factors: magnetic
inhomogeneity and spin—spin relaxation, making it difficult to observe quantum coherence
directly by a single 7/2 pulse. It is possible to vanish the effect due to the inhomogeneous factors

by applying spin echo sequence. The density operator after the « pulse is

pa= R () = zeso (i~ ) (%, G DO )

~Jenf(-en- 26 )

The direction of the precession is inverted in the second interval by the n pulse, and the density

operator evolves

= paesp{(+io0 - 7))} = e { (4100 ) e {(-iw0-7) 4G )
Pe = PgeXp LWg TZ T —ZEXp lWg Tz T(exXp lWg Tz T 1 1

Lo (—i—:) ¢ h (130)

The echo signal is independent to the magnetic inhomogeneity and only depends on the coherence

time of the spins.

11
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Figure 1-5. (a) Schematic illustration of spin echo method and (b) its pulse sequence. The
quantum coherence is generated by m/2 pulse from the initial state. While the quantum coherence
is quickly lost by the inhomogeneity of the surrounding environment around the spins, the
following a m pulse that inverses the direction of spins and cancel out the effect of the
inhomogeneity. As a result, the spins are refocused, and echo signal is obtained after a same

interval between m/2 and & pulses.

In addition to a microwave-based method, an optical method is also available for the readout.
When the qubits have spin-selective pathways in their dynamics like a fluorescence process, the
intensity of the optical emission changes by irradiating a microwave. Therefore, the information
about the spins can be readout indirectly from the emission intensity. This method is called as
optically detected magnetic resonance (ODMR). The optical readout is preferable in viewpoints
of the resolution and the sensitivity since a (visible) light has shorter wavelength and larger energy

than a microwave avoiding the scattering and the noise.*®

12
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1-2-2-3. Coherence times of electron spin-based qubits

The coherence time of electron qubits are approximately correspond to the spin—spin relaxation
time 7». The quantum coherence of electron spins are lost during the pulse sequence manipulation,
thus, 7> should be comparable or longer than the sequence for efficient readout. Since the
microwave operation of electron spins needs more than 100 ns, it is difficult to detect the species
with short 7> less than 100 ns. For quantum sensing, the coherence time is a crucial factor of the

sensitivity as mentioned above, and the long 7> of longer than several microseconds is desirable.

1-2-3. Nitrogen-vacancy (NV) centers in nanodiamonds

Among the various qubit systems, defect center-based systems such as the nitrogen-vacancy
(NV) centers in diamond, are in a spotlight, because of their long coherence time and ability to
sense wide range of targets, for example, temperature, magnetic fields, electric fields (Figure 1-
6).2*%°> Moreover, NV centers are capable for optical detection, making it possible to sense the
physical quantities in microscopic areas such as cells.

Although NV centers can detects various analytes, they have a difficulty especially in field of
chemical sensing, which detects chemical substances like molecules, ions, or atoms. NV centers
detects these chemical substances through nuclear magnetic resonance,*® but there is a limitation.
The NV centers in deep part of diamond have long 7> that reaches order of millisecond at room
temperature,”’ but they cannot detect the target due to the nominal interaction to them. On the
other hand, the ones close to the surface (~ several nanometers) can sense molecules near the
diamond, but the 7> becomes shorter (around 1 ~ 100 ps, depending on the fabrication method
and particle size),”® and the sensitivity is not necessarily high. They also suffer in their

inhomogeneous structure, making the fabrication processes difficult to control the defect positions.

13
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Figure 1-6. (2) Structure and (energy levels) of nitrogen-vacancy (NV) centers of nanodiamonds.
(c) Sensing analytes of NV centers. Reproduced with permission from reference 25. Copyright

2021 American Chemical Society.
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1-2-4. Molecular qubits

On the contrary, electron spins of molecules (molecular qubits) can interact with analyte
molecules directly because of their smaller size (~ nanometer) than defect-based systems.”* In
addition, molecules has homogenous structure and their properties as qubits can be precisely
tuned by chemical modifications. For example, the coherence time of molecular qubits can be
elongated by elaborate control of the structures.’®**** Molecular qubits can be broadly divided
into two types: paramagnetic metal ion-based systems (Figure 1-7a) and organic molecule-based
systems. The former ones utilize metal complex as qubit. There are variety of combination of the
central metal ion and the organic ligand, giving high degrees of tunability.?*-*'+*** The latter ones
are consisted by free radicals (Figure 1-7b) or photoexcited spins in organic molecules (Figure 1-
7¢).*% 323538 Opposite to metal ion-based qubits which generally contain heavy metal atoms,
organic systems is composed from light atoms that does not enhance the decoherence by spin—
orbit coupling between electron spin qubits and molecular orbitals. Hence, longer coherence times
exceeding 1 us is sometimes observed for organic molecule-based qubits even at room
temperature, while the reports of quantum coherence of metal ion-based systems were quite

limited at ambient temperature.*®***’
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Figure 1-7. Examples of molecular qubits. (a) Molecular qubit consisted of metal complexes. (b)
Organic radical-based molecular qubit. (c) Molecular qubit using spins generated by
photoexcitation. Reproduced with permission from reference 31, 30, and 32. Copyright 2021
American Chemical Society. Copyright 2018 John Wiley & Sons. Copyright 2023 American

Chemical Society.

1-2-5. Metal-organic frameworks (MOFs) as platform for quantum sensing

Major molecular qubit systems were evaluated in frozen glasses,”' crystals,* and films,*" but
these systems are not suitable for molecular sensing because of their low guest accessibilities.
Molecular qubit can work not only at bulk systems but also at porous systems like metal-organic
frameworks (MOFs) and covalent-organic frameworks (COFs).**** MOF is a porous material that
consisted by metal ions and organic ligands. MOFs are excellent scaffolds of molecular qubit
systems, especially for quantum sensing applications (Figure 1-8). The rigid frameworks of MOFs
are helpful to suppress a spin relaxation due to the molecular motions. The strictly controlled
structure permits the orientation of the qubits to be aligned. Furthermore, the porous structure and
its tunability of MOF ensures the selective encapsulation of analyte guest molecules, this can be
a superiority over other porous materials.

There are several ways to introduce molecular qubits into MOFs. Most popular way is to

incorporate molecular qubits as ligands.*****® This method is appliable for various qubit systems
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such as metal complexes, organic radicals, and photoexcited spins. Since the position and the
orientation of ligand can be predicted from the topology of the MOF, these parameters of qubits
are also controlled easily. Other way is using the metal centers as qubits.* Paramagnetic metal
ions such as coppers can work as qubit. Accommodation of qubits as guests is also possible. The
first way need the chemical modification of the coordination site to qubits, but the latter ways do
not need the pre-modifications of qubits. In all cases, all parts of MOFs other than qubits should

be consisted with diamagnetic species, which do not enhance the spin relaxation.

NV centers MOFs

Tar
, Target Direct access \

\J/\( to qubit /;;” Encapsulation

Indirect of analyte
interaction Metal ion :
/ 1 1

\

Lioand Rigid framework
&S . igan 5 8
/" Qubit _

Guest Tunable structure
Optical g
readout Microwave/optical

readout

Figure 1-8. The advantages of MOF-based quantum sensing systems and the comparison to NV
centers. MOF-based systems allow more direct interaction between the qubits and the analytes
than NV centers. MOF-based systems also have high freedom of the structure, the topology, and

the qubit species enabling sophisticated tuning of the systems.
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1-3. Spin polarization in molecular qubits
1-3-1. Spin polarization

The difference in number of upward spins and that of downward spins divided by that of total
spins are called as spin polarization. The polarization P is formed by following equation using
population of each sublevels N;, N,.

- _x: xj (1.31)
The polarization expresses the percentage of available spins of whole spins. This is an important
parameter of quantum sensing since this largely affects the sensitivity. The initial state is
converted to the coherent state by qubit operations, but the efficiency of the quantum coherence
generation is proportional to the spin polarization of the initial state (Figure 1-9). In other words,

to create pure superposition state of spins, the generation of the spin polarization is required.

In a thermal equilibrium state, the spin polarization is written as follows:*°

(1.32)

Where y, h, B, ks, and T are a gyromagnetic ratio of electron spins, Planck constant, magnetic
field, Boltzmann constant, and temperature, respectively. The spin polarization of electron spin is
around 0.07 % under 300 mT (~ 9 GHz) at room temperature. Thus, most part of spins do not
work as qubits using thermalized spins at ambient condition.

When the spins are in the quantum entangled state, the requirement of spin polarization become
more stringent than non-entangled qubit. For instance, consider an entangled qubit-pair consist
by two spins. If one of the spins is not spin-polarized, the well-defined entangle state will not be
formed unless the directions happen to coincide. Thus, the number of available entangled pairs in
n-qubit system are proportional to the nth power of the polarization P, and the spin polarization

should be close to unity to use the entanglement efficiently.
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Figure 1-9. The relationship between the spin polarization and the availability of the qubits. When
the spin polarization is small, only small amount of the spins are available while large part of the
spins can work when the spin polarization is large. Because the energy difference between the
energy levels is much smaller than the thermal energy at room temperature, a cryogenic condition

or a non-equilibrium state are required to obtain large polarization.

1-3-2. Spin-selective intersystem crossing (ISC)

On of the ways to obtain large spin polarization at room temperature is utilizing spin-selective
pathways of molecules. Some molecules are known to generate spin-polarized electron spins in
their triplet states by spin-selective the intersystem crossing (ISC) from the singlet state (Figure
1-10a).*"** The selectivity of the ISC is determined by the anisotropy of the spin—orbit coupling
of the molecule. For pentacene, which is typical chromophore that shows the spin-selective ISC,
the population of each triplet sublevel are Py : Py : P,=0.76 : 0.16 : 0.08, respectively, and the

spin polarization exceeds 70 %."’

1-3-3. Singlet fission (SF)

Singlet fission (SF) is a phenomenon that generates two triplet excitons from one singlet
exciton between two close chromophores (Figure 1-10b).°° While the most hitherto research about
SF focused on the application of solar cells since the efficiency can overcome the previous

3153 the use for qubits are recently proposed.* In SF, the energy of S; state is

theoretical limit,
firstly shared in two molecules to from singlet character triplet pair (‘'TT). This 'TT is converted

to two triplet excitons directly or quintet character triplet pair CTT) with S = 2 as an intermediate
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state of SF process. The spin conversion during 'TT and *TT are spin-selective, so polarized spins
can be obtained in the quintet sublevels.

The four spins in the °TT state strongly coupled, and there are entanglement among these
electron qubits, allowing the improvement of the sensitivity. In addition, high spin of S = 2
increase the Rabi frequency, reducing the operation time of microwave. Furthermore, the
information about *TT state can be readout optically as fluorescence from S; through triplet-triplet

annihilation, which is reverse SF process.

Spin polarized
triplet state

SU So

Figure 1-10. Schematic images of (a) spin-selective intersystem crossing (ISC) and (b) singlet
fission (SF). In (a), the anisotropic spin—orbit coupling induce the spin-selective intersystem
crossing, resulting the spin polarization in the triplet state. In (b), firstly singlet triplet pair ('TT)
is generated from singlet excited state (S) and converted to quinte triplet pair CTT) to form spin

polarization.

1-3-4. EPR of triplet state
The EPR spectra of triplet state is obtained by calculating the energies of the states from

Hamiltonian. The Hamiltonian of triplet is given as”’

Hr = Hzeeman + Hzrs (1.33)
Each term can be written with spin operators formed by 3x3 Pauli matrices.
1 (0 1 0)
Se=—=[(1 0 1 (1.34)
V2 0 1 0
1 (0 —-i 0 >
Sy =—=\(i 0 =—i (1.35)
y
V2 0 i O
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R 1 0 O
$;=10 0 O (1.36)
0 0 -1
The spin operator are summarized as
Sx
S=1{S, (1.37)
S,

The first term is Zeeman interaction and given as

Hzeeman = gﬂBBgz (1.38)
using g factor and Bohr magneton us. The second term is a from zero-field splitting (ZFS)
interaction which is described the later section. The Hamiltonian is denoted as follows by using

ZFS parameters D and E that determines the strength of the interaction:

~_ /-D/3+E 0 0 \[S
H;ps = (le Sy Sz’)( 0 -D/3—-E 0 > Sy
0 0 2D/3/ \ s,
VA
=S8"R(a,8,¥)"DR(a, B,7)S (1.39)

where Sy, S, S.- are spin operators in the molecular frame, D is ZFS tensor, and R (a, 3, y) is a

rotation matrix, respectively.

—-D/3+E 0 0
D = ( 0 -D/3—-E 0 > (1.40)

0 0 2D/3

cosy siny 0\ /1 0 0 cosa sina 0
R(a,B,y) = (—siny cosy 0> (0 CO:Sﬂ sinﬁ) <—sina cosa 0) (1.41)

0 0 1/ \0 -—sinf cosp 0 0 1
The rotation angles of a, f, y are Euler angles and R is a transpose matrix of R, respectively.
Since the ZFS is an interaction based on the molecular axis, it needs to convert the spin operators
to the laboratory frame. The energy levels (E1) and EPR spectrum are calculated by diagonalizing

the Hamiltonian as in Figure 1-11.

H7|T,) = E7|Ty) (1.42)
|T,,) represents the eigenstates of triplet state and n = +1, 0, -1 are characters of their sublevels,
respectively. Because the Hamiltonian is orientation-sensitive, the spectra of random-orientated

sample is broaden as powder pattern.
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Figure 1-11. The energy diagram of triplet sublevels against the magnetic field. The energies of
sublevels (Tx, Ty, and T,) split to high-field basis (T-1, To, T-1) depending on the orientation to the
magnetic field. Simulated EPR spectrum of diazatetracene in chapter 3 is also shown. The

parameters of Py : P,: P.=1.0:0:0, D=1610 MHz, and £ =-160 MHz were used.

1-3-5. EPR of quintet triplet pair

The EPR spectra of quintet state is also obtained from the Hamiltonian written as below.’'

Hrr = Hrrzeeman + Hrrzrs + Hrrex (1.43)

The first two terms are similar to triplet, and the third term is related to the exchange coupling J.
Hrrzeeman = UsB(91817 + 92522) (1.44)

Hrrzrs =81 Ri"D1R:81 +5; R,"D,R,S, (1.45)

Hirex = —2J515; (1.46)

S =i, §iy, S.,) are the spin operators for the individual i-th triplet (i = 1, 2) and defined as

follows using a 3x3 identity matrix 1:
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$5.=5,®1 (1.47)
$5,=5,®1 (1.48)
$,=5,®1 (1.49)
$,,=1Q®S, (1.50)
S, =1QS, (1.51)
$,,=1Q85S, (1.52)

These operators are applicable for low-field systems (|+ +), |+0), |+ —), ...), and to apply the
spin operators for high-field systems, the conversion to the high-field basis (| 1TTO), | 3TT+1),
| 3TTo), | 3TT-,), | °TTy2), | °TTia), | °TT,), | °TT-1), and | °TT-;)) by the conversion

matrix.
Shigh fieta = USUT (1.53)
where
0 0 -1/v3 0 1/V3 0 —-1/V/3 0 0
0 0 0 0 0 -1/2 0 1/V2 0
0 0 1/v2 0 0 0 —-1/42 0 0
0 1/V2 0 -1/N2 0 0 0 0 0
U=|o o 0 0 0 0 0 0o 1 (1.54)
0 o0 0 0 0 1/V2 0 1/V2 0
0 o0 1/V6 0 2/V6 0 1/vV6 0 o0
0 1/V2 0 1/V2 0 0 0 0 0
1 0 0 0 0 0 0 0 0
By diagonalizing the Hamiltonian, the energies (£71r) and EPR spectrum are obtained.
Hpp|"TT,) = Err|"TT,) (1.55)

|T,,) represents the eigenstates of the triplet pair. m =1, 3, 5, and n= 0 (for m = 1), -1, 0, +1 (for
m=3),-2, -1, 0, +1, +2 (for m = 5) are characters of their sublevels, respectively. Similar to the

triplet, the spectrum shows powder pattern.
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1-4. Spin relaxation and spin interactions

The generated spin polarization is not in equilibrium, in other words it is temporal. Thus, the
polarization is lost over time as well as the quantum coherence. These loss of spin information
are called as spin relaxation and related to the interactions between spins or their surrounding
environments.”®>° The suppression of spin relaxation and the utilization the spin interactions are

important for quantum sensing.

1-4-1. Spin-lattice relaxation

A spin—lattice relaxation is a relaxation of a spin polarization (Figure 1-12a). The population
of spin-polarized state return to the thermal equilibrium state with the time constant of a spin—
lattice relaxation time (7). Because the spin polarization is formed as a longitudinal arrow aligned
to the z-axis in Bloch sphere, a spin—lattice relaxation is called as a longitudinal relaxation. Using
the magnetization (the overall spin orientation), spin—lattice relaxation process is written as

follows:®°
t
M) = (M,(0) = Mo exp (- TT) + M, (1.56)

where M,(t), M,0), and M, are longitudinal magnetization at time ¢ initial longitudinal
magnetization, and longitudinal magnetization in thermal equilibrium state, respectively. The
magnetization is oriented parallel to the z-axis and its magnitude approaches to the that in
equilibrium state.

An inversion recovery (uses 7 pulse for the first pulse) or a saturation recovery (uses m/2 pulse
for the first pulse) pulse sequences are typical methods for evaluation of 7; (Figure 1-12¢). In
these sequences, the first pulse invert (or saturate) the longitudinal magnetization to create non-
equilibrium state. The operated magnetization goes back to the equilibrium state due to the spin—
lattice relaxation. This transient magnetization of z-component is readout by a /2 pulse (In actual
cases, the spin echo sequence is often used for readout instead of single n/2 pulse). By changing
the interval between two pulses, the magnetization just before n/2 pulse is also altered, and the
time constant of the signal intensity recovery corresponds to the 7.

The density operator in the thermal equilibrium state is formed by using the thermal spin

polarization P,.

24



Chapter 1

1
—+P; O
Peq = | 2 ) (1.57)

0 5Py

The spin-lattice relaxation process in density matrix is written as

p(t) = (p(0) — peg) exp (— Til) + Peq (1.58)

Consider an inversion recovery sequence for the state in equation (1.26), the density operator just

after the first « pulse is

_ _ (0 —=iy/1 0y(0 iy_(0 O
o= R@paR-m = (2, ) o) G o)=( 1) (1.59)
The evolution of the density operator between 7 is
1
T T2 P 0 t
Pc= (pb - peq) exp (_F) t Peq = 1 exp (_ T_) t Peq (1.60)
1 1
0 E + P

The remaining pulses are same as spin echo and the echo intensity is proportional to the
population. Since the population converges to thermal equilibrium by the time constant of 77, it
is possible to obtain 7 by plotting the echo intensity against the interval t.

Spin interactions such as spin—orbit coupling and dipolar—dipolar spin coupling usually
enhance the spin—lattice relaxation.”®®' To reduce these effects, molecules with heavy metal atoms

or locally distributed electron spins should be avoided.

1-4-2. Spin—spin relaxation

Similar to a spin-lattice relaxation, a spin—spin relaxation is a relaxation of a quantum
coherence (Figure 1-12b). The quantum coherence return to zero with the time constant of a spin—
spin relaxation time (7). Since the quantum coherence of electron qubit is expressed as a
transverse arrow aligned to the xy-plane in Bloch sphere, a spin—spin relaxation is called as a

transverse relaxation. The magnetization in xy-plane is converted to zero as follows:*

My (8) = My, (0)exp (— Tiz) (1.61)

where M,,(¢) and M,,(0) are transverse magnetization at time ¢ and initial transverse magnetization,
respectively.
At the first moment just after the quantum coherence is generated, the orientation of all spins

are aligned in xy-plane, and spins start to rotate in xy-plane by Larmor oscillation. The precession
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frequencies of each spin are slightly different each other due to the difference in the local
environments. Then the phase of each spin become inhomogeneous over time, and overall
magnetization is diminished. Therefore, the information about the quantum coherence is lost in
the spin—spin relaxation process.

Similar to the 71 measurement, the 7> can be measured by modifying the pulse interval (Figure
1-12d). As shown in equations (1.26)-(1.30), the 7> is evaluated by varying the intervals between
the 7/2 pulse and the = pulse, and between the 7 pulse and the detection in the spin echo sequence.
The obtained echo intensity is decreased by increasing the interval because the longer interval
induce the spin—spin relaxation process more. 7> is estimated as the decay constant of echo
intensity against the interval t.

The spin—lattice relaxation process is involved in the spin—spin relaxation process, and 7> is
generally shorter than 7). The relationship between 7> and 77 (and other factors) can

approximately be written as follows for organic molecules:*” **

L1 + ! + ! (1.62)
T, 2T7 Tee Ten '

where Te. and Te, are relaxation time constant induced from electron—electron spin coupling and
electron—nuclear spin coupling (hyperfine coupling), respectively. To elongate coherence time 7,
the tuning of each term is essential. Note that the latter two factors also contributes spin—lattice
relaxation process, so suppression of these factors are also important for the elongation of 77.
Since the relaxation times contain the information of these factors, the environment around
qubits can be estimated from their relaxation properties. For example, when the relaxation is
dominated by the hyperfine coupling due to the nuclear spins around qubits, the concentration of
the species can be calculated from the relaxation time of qubits.*> This method is called as

relaxometry.
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Figure 1-12. (a) Spin—lattice relaxation and (b) spin—spin relaxation of electron spins. In spin—
lattice relaxation, a longitudinal magnetization returns to its thermal equilibrium value with a time
constant of 7i. In spin—spin relaxation, a transverse magnetization returns to zero with a time
constant of 7». (¢) 71 and (d) 7> measurements. In (b), a saturation recovery method uses a m/2
pulse for creating non-equilibrium state while an inversion recovery method uses a & pulse. For
the readout sequence, a spin echo method is used instead of single n/2 pulse. (e) Plot of the echo

intensity against the interval t for each measurement.
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1-4-3. Hyperfine coupling

The spin coupling between electron spins and nuclear spin are called as hyperfine coupling
(Figure 1-13a). Some nuclei such as 'H, *C, "N, and '°F have spin as well as electrons, and it
behaves as a small magnet. This interaction changes the Larmor frequencies of electron spins, and
the motion of nuclear spins fluctuates the strength of the interaction, resulting the randomization
of the phase in the coherent state.

The strength of hyperfine coupling is depends on following factors: (i) the gyromagnetic ratio
of nuclear spins and (ii) the overlap of the electron spin orbitals and the nuclei. The hyperfine
coupling constant is generally large with the atoms having a large gyromagnetic ratio, such as 'H
or '°F spins. Therefore, to decrease the effect of hyperfine coupling, those nuclides that are in the
high electron spin density position should be replaced to other nuclides with a smaller
gyromagnetic ratio such as D, **Cl or *’Cl. Especially, high mobility functional groups like
methyl group also affects the coherence time significantly. These groups usually facilitate spin
decoherence and should also be substituted.

Hyperfine couplings to nuclear spins of surrounding molecules also contribute to relaxation.
These intermolecular hyperfine interactions are important for quantum sensing of chemicals
because qubits can detect the analytes by the coupling from the relaxation time or the decay profile

of the echo signal called as electron spin echo envelope modulation (ESEEM).

1-4-4. Electron spin dipolar coupling

The dipolar spin coupling between electron spins can reduce the coherence time (Figure 1-13a).
There are two types of electron—electron spin coupling.

The first one is an intermolecular dipolar coupling, which is the interaction of electron spins
among different molecules. Paramagnetic species such as metal ions and radicals work as
relaxation sources. Therefore, materials in the system other than qubits should be consisted with
diamagnetic species, which do not enhance the spin relaxation. Qubits are also paramagnetic and
can interact when they are close, so the qubits need to be separated each other. For MOFs, thus
large amount of diamagnetic metal ions/ligands is required as dilutant to reduce the spin
interactions between qubits.****

The second one is an intramolecular dipolar coupling, zero-field splitting (ZFS). When there

are two or more spins in a single molecule, they interacts each other to split the energy levels.
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Consider a triplet state (S = 1), which having two electrons. These two electrons interact to split
the degenerated triplet levels into three sublevels as 7k, Ty, and 7. The energy gaps are represented
as ZFS parameters D and E. ZFS parameters reflect the degree of localization of electron spins
(Figure 1-123). When the electrons are localized and in close, ZFS parameters tends to be large,
i.e., the electrons interacts strongly. For example, in acene molecules, the ZFS parameters become
smaller with the increase of aromatic rings, and spin—lattice relaxation times become longer.®' For
high-spin quartet (S = 3/2) or quintet (S = 2) states that have more spins, the effects of
intramolecular interaction is more significant, and usually the relaxation times are shorter than
low-spin species.”

These two types of electron dipolar couplings are important relaxation sources since the
gyromagnetic ratio of electron spins are much larger than that of nuclear spins (about 660 times

of 'H).

(a) Intramolecular dipolar coupling (b)
(zero-field splitting)
/z - - - -

- \g ‘ ‘ \\% | Strong interaction Weak interaction
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Figure 1-13. (a) Interactions that affects qubit properties. Intermolecular and intramolecular
dipolar coupling are caused by magnetic interactions between electron spins. A hyperfine
coupling is induced by interaction between electron spins and nuclear spins. (b) A relationship
between the localization of the electron spins and the zero-field splitting (ZFS) parameters. The
relaxation time tend to be shorter when the electron spins are in close and ZFS parameter is large.
On the contrary, the relaxation time become longer when the interaction between spins are weak

due to the delocalization.
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1-4-5. Mobility of qubit system

Not only the strength of interactions, but also the degree of their fluctuations are important for
relaxation. At higher temperature, the qubit molecules and surroundings have some mobilities,
this can enhance relaxation. The strength of intermolecular interactions such as dipolar coupling
between qubits or hyperfine interaction to surroundings are weakened (or strengthened) by
changing the distance due to the rotational or the translational motions of the matrices. For
anisotropic intramolecular interactions including ZFS interactions, molecular motions are also
effective. Since the orientation of molecules to the magnetic field is altered by rotational motions,
the interactions are modulated. These fluctuations due to molecular motions are important
especially for applications at room temperature, so the motions of qubits and their surroundings,
in general, should be suppressed as possible. Moreover, in porous systems like MOFs that the
density around the qubits is altered by guests, the degree of the qubit motion can also be modulated,
making it possible to detect analytes from fluctuations mentioned above (Figure 1-14) as the

changes in relaxation times or interactions.

Y, / '
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Figure 1-14. Schematic image of a relaxometry-based detection of molecular motions in MOFs.
When qubits are incorporated in MOF, the qubit motion is affected by the density in the pore. The
difference in the degree of the motion results the change in the relaxation time. Reproduced with

permission from reference 62. Copyright 2024 American Chemical Society.
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1-5. Conventional molecular qubit-based quantum sensing
Quantum sensing with molecular qubits is a recently emerging field with few examples of

research, but there have been several reports on chemical sensing.

1-5-1. Molecular qubit-based quantum sensing in solution

Quantum sensing of electric fields using molecular qubits in solution are reported by
Wasielewski et al. in 2023.>> The group utilized spin-correlated radical pair (SCRP) that is a
weakly interacting radicals generated in donor-acceptor pair as qubits (Figure 1-15). There are
dipolar interaction between the radicals. Since the strength of the interaction depends on the
distance between the radical spins, when the electric field is applied to the systems to alter the
distance as the electric interaction between the host and the guest molecules, the interaction is
also modified. This can be readout from the changes of electron spin echo envelope modulation

(ESEEM) frequency, which is a modulation of echo intensity in pulsed EPR measurements.

+ExBox4* OOP-ESEEM
Change in E-field o « 1/distance?

“wjx\\/ o

“ﬁ{ Shiftin Charge Center — Change in ®

Figure 1-15. Schematic implementation quantum sensing of electric field with spin-correlated
radical pair (SCRP). The electric field is modified by the positive charge of guest molecules,
altering the spin distribution on the donor. The change in the spin distribution is readout as
ESEEM frequency, which reflects the distance of electron spins. Reproduced with permission

from reference 35. Copyright 2023 American Chemical Society.
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1-5-2. Molecular qubit-based quantum sensing in MOF

As mentioned in previous section, MOFs are excellent materials for quantum sensing with
molecular qubits. So far, several groups have reported the quantum sensing in MOFs. First
example was reported by Kultaeva and the coworkers in 2022.% They employed Cu®" ions doped
in HKUST-1 as qubits to sense 'H spins in butane molecules. By analyzing the orientation
dependence of electron-nuclear double-resonance (ENDOR) signals, information on the spatial
distribution of hydrogen atoms in the MOF was obtained. However, metal ion-based quantum
sensors suffer from fast spin relaxation caused by strong spin-orbit coupling and require cryogenic
conditions (< 10 K) to maintain quantum coherence long enough to obtain ENDOR signals.

Instead of metal ion-based qubits, Sun et al. reported the quantitative sensing of Li" ions at
room temperature using organic radicals generated by the partial oxidation of ligands (Figure 1-
16).* They leveraged the hyperfine interaction between lithium nuclear spins and electron spins
of organic radical qubits inside a two-dimensional MgHOTP MOF. The T, 7>, and ESEEM

intensity changed depending on the lithium concentration, allowing for quantitative sensing.

a b c 1
(a) (b) electron hyperfine (©) H
spin R ® nuclear %‘
spin <
chemical analytes interaction} pulse EPR;} =
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[T
organic qubits —-
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Frequency (MHz)
Figure 1-16. Room-temperature quantum sensing of Li" ions in MOFs. (a) MOF particles
containing organic radical qubits are soaked in the solution of Li" analytes in THF. (b) The
adsorbed Li" ions interact with radicals through hyperfine coupling. (¢) The interaction are
identified by hyperfine spectrum obtained from fast Fourier transform (FFT) of ESEEM signal.
Reproduced with permission from reference 43. Copyright 2022 American Chemical Society.
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1-6. Overview of the thesis

As overviewed in previous sections, quantum sensing with molecular qubit was recently
achieved at room temperature, however, there are several problems remained (Table 1-1).
Solution-based systems have difficulty in elaborate tuning and not suitable for chemical sensing.
On the contrary, MOF-based systems have high tunability of the structure, but non-spin-polarized
qubits such as metal ions or radicals in the thermal state were used. Importantly, both systems
only utilized interactions between the qubit each other or the qubits and nuclear spins of the guests,
and detectable targets were limited. In the SCRP-based solution systems,” the analyte of electric
fields was only detectable through the interaction between specific hosts and guests. For the MOF-
based system reported by Sun et al.,* there was a major challenge in that they could not
distinguish compounds composed of the same nuclear species, such as benzene and toluene, for
example. In addition, the 7> were short and not suitable for effective qubit operations at room
temperature for both systems. Therefore, strategies of the material design and the sensing method

are lacking for room-temperature quantum sensing of various chemicals.

Table 1-1. Comparison of the report about quantum sensing in molecular qubit-based systems at

room temperature.

Qubit Matrix Polarization ~ Method T, Target

Electric field
SCRP Solution 0 Dipolar - 200 ns" -
(Needs specific guest)

Radical MOF X Hyperfine 153 ns Specific ion (Li")

a: Estimated from a figure since correct value was not described.
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In this thesis, the author discuss design guidelines for room-temperature qubits and strategies
for sensing various molecules toward the realization of quantum chemical sensing.

Chapter 2 describes the strategy to achieve both the large spin polarization and the long
relaxation time in photoexcited molecular qubit systems.® The electron withdrawing fluorine
atoms were substituted to zinc porphyrins to reduce the spin density on the zinc atom, resulting
relatively long relaxation time with keeping the large spin polarization of zinc porphyrins.

In chapter 3, a new methodology was proposed to recognize analytes through the change in the
mobility of the qubits.* By hybridizing triplet qubits in flexible MOFs, the mobility of the qubits
were controlled by analyte guests and reflected as the change in the relaxation time, showing a
concept of molecular motion-based sensing.

Chapter 4 describes the first example of room-temperature quantum coherence of 4-spin
entangled quintet qubits.®® The coherent quintet state was generated through minimum motion of
qubits by arranging the chromophores in the MOF densely suppressing the relaxation from the
molecular motions.

In chapter 5, the thesis was summarized, and future remarks were discussed.
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Chapter 2. Development of zinc-based porphyrins towards room-

temperature molecular qubit

2-1. Introduction

Porphyrins have been widely known as chromophore for their excellent stability,
biocompatibility, and strong absorption of visible range.'* Porphyrins are also known to generate
a spin-polarization in their triplet states as acene-based chromophores such as pentacene and
tetracene® and have higher stability to light and oxygen than acenes.*®  Although the triplets have
excellent properties, the use for qubit was mainly limited to low temperature.”” Free-base
porphyrins have relatively long spin—lattice relaxation time of several microseconds at room
temperature, but their polarization are about 50 to 70 %, smaller than that of pentacene.'® On the
contrary, metalloporphyrins such as zinc porphyrins exhibit higher polarization that reaches
almost unity due to the anisotropic spin—orbit coupling attributed to the d-orbitals.® Nevertheless,
the reports of metalloporphyrin-based qubits are limited to lower temperature, because the strong
spin—orbit coupling enhance the relaxation of spins at the same time. As a results, it was remain
unclear how to use the metalloporphyrins as room-temperature qubits.

In this chapter, the modifications to the phenyl group of porphyrins were employed to realize
both large polarization and long relaxation time for room-temperature qubits. Electron-
withdrawing fluorine substituents were introduced into porphyrins derivatives to control the
electronic condition of triplet excited state (Figure 2-1a). In magnesium porphyrin, which shows
similar polarization properties to free-base porphyrin, the change in the triplet electron spin
polarization generation mechanism by fluorination has already been reported,'’ but the
relationship to the relaxation time has not been investigated. The effects of fluorine substitutions
to the polarization and the relaxation were systematically studied by changing the number of the
substituents using TR-EPR in a glass matrix at room temperature.

The substitution of fluorine groups to free-base porphyrins leads to both the decrease of their
relaxation time and the changes in the polarization patterns. However, the zinc porphyrins
elongated their spin relaxation time by fluorine modification while the large polarization were not
affected (Figure 2-1b). Density functional theory (DFT) calculations suggested that the
introduction of fluorine atoms reduces the spin density around the Zn atom, which enables the

coexistence of large polarization and long spin—lattice relaxation time.
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Figure 2-1. (a) Chemical structures of meso-tetraphenylporphyrins MTPP, MFsTPP, and
MF»TPP (M = H; and Zn). (b) Relationship between fluorine substitution on zinc porphyrins and

the spin—lattice relaxation time.
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2-2. Experimental section
2-2-1. Materials

All reagents were used without further purifications. Zinc acetate was purchased from Kishida
chemical. Pyrrole, 2,6-difluorobenzaldehyde, p-chloranil, f-estradiol, Free-base
tetraphenylporphyrin (H,TPP) and free-base tetrakis(pentafluorophenyl)porphyrin (H2F2TPP)
were purchased from TCI. Zinc tetraphenylporphyrin (ZnTPP) was purchased from Frontier

Scientific.

2-2-2. Characterizations

'H NMR (400 MHz) spectra were measured on a JEOL JINM-ECZ400 spectrometer using TMS
as the internal standard. UV-Vis absorption spectra were recorded on a JASCO V-670
spectrophotometer. Fluorescence and phosphorescence spectra were measured by using a JASCO
FP-8700 fluorescence spectrometer. Powder X-ray diffraction (PXRD) patterns were measured
on a Bruker D2 Phaser (Cu-Ka, 30 kV, 10 mA). Transient absorption measurements were

conducted by using a UNISOKU TSP-2000 system.

2-2-3. Time-resolved EPR measurements

Time-resolved EPR measurements were carried out using a home-built ~9 GHz dielectric
resonator with a window for laser irradiation at a magnetic field generated by an electromagnet.
Samples were photoexcited by using Spectra Physics Quanta-Lay Nd:YAG (wavelength and
repetition rate were 532 nm and 10 Hz, respectively). An electromagnet was purchased from
Takano (MC160A-16). The gap and the pole size were 50 mm and 120 mm, respectively. A power
supply PAG60-55 (Kikusui) with the stability of 10™ was used. A microwave was generated from
SG22000Pro (DS instruments) with the power of ~10 pW. The EPR signal was converted to DC
using diode detector, amplified with a low noise amp (ALN0905-12-3010, Dynamic RF Inc.), and
detected by an oscilloscope (DSOX3024T, Keysight). The samples were put into capillaries and
measured at room temperature. The zero-field populations and zero-field splitting parameters

were determined by the simulations of spectra by using MATLAB!'? and Easyspin.'?
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2-2-4. DFT calculations

The optimized structures of porphyrins in the ground state and the lowest triplet state were
obtained with the B3LYP exchange-correlation functional as implemented in the Gaussian 16
software using the 6-31G* basis set. Time-dependent DFT for the calculation of the energies and
the configurations was performed with the B3LYP/SDD for Zn, EPR-II for others. Molecular

orbitals and spin density were visualized by GaussView 6.0.'

2-2-5. Synthesis of porphyrins

Free-base tetrakis(2,6-difluorophenyl)porphyrin (H2FsTPP), zinc tetrakis(2,6-
difluorophenylporphyrin (ZnFsTPP), and zinc tetrakis(pentafluorophenyl)porphyrin (ZnF»TPP)
were prepared by following the literature methods,'>'® and characterized by '"H-NMR , "F-NMR

and mass spectroscopy.
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2-2-5-1. Synthesis of H.FsTPP

o H 1. BF;- Et,OFEt,
H .
E E N N 2. p-Chloranil
N, rt., 46 h

Figure 2-2. Synthetic scheme of H,FsTPP.

Pyrrole (340 uL, 4.04 mmol) and 2,6-difluorobenzaldehyde (550 mg, 3.87 mmol) were
dissolved in 80 mL of dry CH>ClI, under N,. BF3-O(Et), (60 puL, 0.476 mmol) was then added and
stirred at room temperature for 1 day. After adding p-Chloranil (390 mg, 1.59 mmol), the reaction
mixture was stirred at room temperature for 18 h. After the reaction, the product was washed with
methanol. The residue was purified by silica gel column chromatography (eluent:
chloroform/hexane (8:2 v/v)). Yield: 13%. '"H NMR (400 MHz, CDCls;, TMS): & = 7.35-7.40 (t,
8H), 7.75-7.83 (quin, 4H), 8.86 (s, 8H), -2.77 (s, 2H). ’F NMR (376 MHz, CDCl;) § = -108.08
(s, 8F). MALDI-TOF-MAS (dithranol, m/z): calcd: 758.17, Found: 758.23.
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Figure 2-3. '"H NMR (above) and '°F NMR (bottom) spectra (9.4 T, CDCl3) of H,FsTPP.
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2-2-5-2. Synthesis of ZnFsTPP

Zn(OAc), in methanol

CHCl,
Ny, 60 °C, 7 h

Figure 2-4. Synthetic scheme of ZnFgTPP.

A saturated solution of zinc acetate in methanol (2 mL) was added to HoFsTPP (50 mg) in
CHCI; (10 mL). The reaction mixture was refluxed for 7 hours. The progress of the reaction was
confirmed by the disappearance of the Q-band in UV-Vis absorption measurements. After the
reaction, the obtained crude was filtered, washed with water, dried over anhydrous Na;SO4, and
purified by silica gel column chromatography (eluent: chloroform). Yield: 54%. '"H NMR (400
MHz, CDCls, TMS): § = 7.36-7.41 (t, 8H), 7.76-7.84 (quin, 4H), 8.97 (s, 8H). "’F NMR (376
MHz, CDCls) 6 = -108.40 (s, 8F). MALDI-TOF-MAS (dithranol, m/z): caled: 820.09, Found:
820.17.
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Figure 2-5. '"H NMR (above) and '°F NMR (bottom) spectra (9.4 T, CDCls) of ZnFsTPP.
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2-2-5-3. Synthesis of ZnF2TPP

Zn(OAc), in methanol

CHCls
N,, 60 °C, 11.5 h

Figure 2-6. Synthetic scheme of ZnF,TPP.

A saturated solution of zinc acetate in methanol (2 mL) was added to H2F2TPP (50 mg) in
CHCI; (10 mL). The reaction mixture was refluxed for 11.5 hours. The progress of the reaction
was confirmed by the disappearance of the Q-band in UV-Vis absorption measurements. After the
reaction, the obtained crude was filtered, washed with water, dried over anhydrous Na,SO4, and
purified by silica gel column chromatography (eluent: chloroform/hexane (2:1 v/v)). Several
reprecipitations (methanol/water) were performed to obtain the final compound. Yield: 68%. 'H
NMR (400 MHz, CDCl;, TMS): & = 9.00 (s, 8H). 'F NMR (376 MHz, CDCl;) § = -136.63-
136.70 (d, 8F), -151.66-151.72 (d, 4F), -161.48-161.70 (t, 8F). MALDI-TOF-MAS (dithranol,
m/z): calcd: 1035.97, Found: 1035.87.
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Figure 2-7. '"H NMR (above) and '°F NMR (bottom) spectra (9.4 T, CDCls) of ZnF,TPP.
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2-3. Results and discussion
2-3-1. General characterizations of porphyrins in toluene solution

The electronic structures of porphyrins were characterized in toluene by measuring absorption
and fluorescence spectra at room temperature and phosphorescence spectra at 77 K (Figure 2-8).
It is well documented that Zn porphyrins have approximate D, symmetry, with two highest
occupied molecular orbital (HOMO)s and two lowest unoccupied molecular orbital (LUMO)s
degenerated, but in free-base porphyrins, the symmetry drops to D, and the HOMO and LUMO
degenerations are resolved. Accordingly, ZnTPP showed one prominent absorption peak in the Q-
band region, whereas H,TPP showed separated peaks due to the symmetry breaking. The
absorption and fluorescence peaks of free-base and Zn porphyrins in toluene were slightly blue-
shifted by introducing the fluorine substituents due to the stabilization of HOMOs by fluorine
substitution via inductive effect'’. A similar substituent effect was also observed in the triplet state,
where the phosphorescence peak positions of free-base and Zn porphyrins were blue-shifted by

the fluorine substitution.
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Figure 2-8. UV-vis absorption (black) and fluorescence (red) spectra at room temperature and
phosphorescence spectra at 77 K (blue) of (a) H,TPP, H.FsTPP and H,F»oTPP (top to bottom), (b)
ZnTPP, ZnFsTPP and ZnF»TPP (top to bottom) in toluene (20 uM for UV-vis absorption and
fluorescence, 1 mM for phosphorescence). The shoulders on the short wavelength side of the

phosphorescence spectra of free-base porphyrins are due to fluorescence.
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2-3-2. General characterizations of porphyrins in B-estradiol matrix

To characterize the room-temperature polarization properties, all the porphyrins were dispersed
in a f-estradiol glass matrix at room temperature. f-estradiol was employed since its rigid room-
temperature glass has the excellent ability to disperse various dyes and to avoid the oxygen
quenching of the photo-excited triplet state.'®' 0.1 mol% of porphyrins were dissolved in a f-
estradiol melt at 300 °C above the melting point of S-estradiol (7 = 176 °C) and then quenched
with liquid nitrogen (Figure 2-9). This process provided room-temperature glass with high
transparency doped with porphyrins. Powder X-ray diffraction (PXRD) measurements of the
porphyrin-doped f-estradiol samples did not show any sharp crystalline peaks, confirming the

amorphous structure of the glass matrix (Figure 3-9).

(@) (b)

OH Melt

(300 °C)

Liquid N,

OH
Porphyrin in B-estradiol
(0.1 mol%)

Figure 2-9. (a) Chemical structure of S-estradiol. (b) Picture of S-estradiol glass doped with 0.1
mol% ZI]onTPP.
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Figure 2-10. PXRD patterns of f-estradiol glass doped with 0.1 mol% H>TPP (red), H,FsTPP
(orange), HoF2TPP (yellow), ZnTPP (green), ZnFsTPP (blue) and ZnF2TPP (purple).
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The dispersibility of the porphyrins in the f-estradiol glass matrix was examined by comparing

absorption and fluorescence spectra of the porphyrins in toluene solution, S-estradiol glass, and

neat solid at room temperature. The absorption spectra of all the porphyrins were red-shifted and

broadened in the neat state compared to the solution state, suggesting the presence of inter-

chromophore interactions in the neat sample (Figure 2-11). The absorption spectra of the three

free-base porphyrins in S-estradiol glass did not change from the solution state, suggesting that

they are in the molecularly dispersed state. The three Zn porphyrins showed a change in the shape

of their spectra in fS-estradiol glass compared to the solution state, but the broadening did not

occur in S-estradiol glass as much as in the neat state. The change of the absorption spectra would

be due to the slight structural distortion in S-estradiol glass.
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Figure 2-11. UV—vis absorption spectra of (a) H,TPP, (b) HoFsTPP, (c) HoF2TPP, (d) ZnTPP, (e)

ZnF3TPP and (f) ZnF20TPP in toluene (20 uM, black line) in S-estradiol glass (0.1 mol%, red line)

and neat solid (blue line).
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In the fluorescence spectra, all the porphyrins showed a red shift in the neat state compared to
the solution state, but the shape of the spectra in the f-estradiol glass was similar to that in the

solution state, supporting their molecularly dispersed state in the glass (Figure 2-12).
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Figure 2-12. Fluorescence spectra of (a) H,TPP, (b) HoFsTPP, (c) HoF2TPP, (d) ZnTPP, (e)
ZnFsTPP and (f) ZnF»TPP in toluene (20 uM, black line), in f-estradiol glass (0.1 mol%, red

line) and neat solid (blue line). Excitation wavelength was 400-420 nm.
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The lifetime of lowest triplet state of porphyrins was measured by transient absorption (Figure

2-13). It was found that the lifetime of free-base porphyrins was about a millisecond, whereas the

lifetime of zinc porphyrins was about tens of milliseconds. The longer lifetime of the free-base

porphyrin, despite the presence of the heavy atom effect of the zinc atom, may be due to the

difference of the mobility of porphyrin ring.
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Figure 2-13. Transient absorption decays (black lines) of (a) HyTPP (Aex =515 nm, Aem =490 nm),

(b) HaFsTPP (Jex = 515 nm, Jem = 450 nm), (¢) HoF20TPP (Jex = 515 nm, Zem = 460 nm), (d) ZnTPP

(Aex = 550 nm, Jem = 510 nm), (¢) ZnFsTPP (Aex = 550 nm, Aem = 510 nm) and (f) ZnF2TPP (Aex =

550 nm, Zem = 510 nm) in S-estradiol glass (0.1 mol%). The results of single exponential fittings

are shown as red lines.
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2-3-3. Spin properties of porphyrins in triplet states

The Time-resolved EPR spectra and fitting results of the porphyrins doped in f-estradiol glass

at room temperature are shown in Figure 2-14. The relative population, zero-field splitting
parameters, and spin—lattice relaxation time 7) are summarized in Table 2-1. Since the lifetime of
triplet excited state of porphyrins was in the millisecond scale (Figure 2-13), the decay constant
of time-resolved EPR was treated as 77. It has been known that in-plane sublevels are dominantly
populated for free base porphyrins due to the in-plane components of spin—orbit coupling (SOC).*
We also observed the in-plane (Px and Py) selective population for HoTPP and H,FsTPP. For
H,F,0TPP, some population of out-of-plane (P,) sublevel was also generated.
Since n and o orbitals of the F atoms are oriented in various directions, they can also contribute
to the production of P, population.''*! Due to the strong interaction between d-orbital of central
Zn ion and 7#* orbital of the porphyrin ligand, the strong out-of-plane component of SOC is
generated (Py : Py : P, =0 :0: 1.0).” Importantly, this highly selective population of out-of-
plane sublevel was maintained in the fluorinated Zn porphyrins.

The spin—lattice relaxation time 7 was obtained by single exponential fitting of the EPR decays.
As the number of fluorine substitution increases, 7' of free-base porphyrins became shorter from
9.3 ps to 4.9 ps. This trend is consistent with the change of D value that became larger from 1125
MHz to 1292 MHz with the increase of the number of fluorine atoms. The similar trend, a shorter
T and a larger D value by fluorine substitution, was also observed for ZnTPP and ZnFgTPP. It
has been reported that the modulation of electron spin dipolar interaction is mainly responsible
for the spin—lattice relaxation of photo-excited triplets of organic molecules without any heavy
atoms, and the spin—lattice relaxation rate is proportional to the square of zero-field splittings.”***
Interestingly, a totally different behavior was observed for ZnF»TPP that showed much longer 7}
of 1.7 ps than ZnTPP (0.30 ps) and ZnFsTPP (0.17 ps). This unexpected result cannot be explained
by the D value since the D value of ZnF,TPP (961 MHz) was close to that of ZnTPP (955 MHz).
Rather, this behavior can be explained by changes in the spin—orbit interaction, as discussed later.

It is remarkable that ZnF»oTPP achieves both of the large polarization and the long 77 over 1 ps.
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Figure 2-14. (a, ¢) Time-resolved EPR spectra and (b, d) decays of the EPR peaks of the free-
base porphyrins and Zn porphyrins. Black lines are experimental data and red lines are fitting
results. The EPR decays were recorded at 328 mT, 332 mT, 338 mT, 354 mT, 356 mT and 335
mT for HoTPP, HoFsTPP, HoF2TPP, ZnTPP, ZnFsTPP and ZnF,oTPP, respectively.
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Table 2-1. Relative zero-field populations, zero-field splitting parameters, and spin—lattice

relaxation time 7; of the free-base and Zn porphyrins.

Compound Py:Py: P, |D| (MHz) |E| (MHz) T1 (us)
H,TPP 0.29:0.71:0 1125 221 9.3
H>FsTPP 0.18:0.82:0 1219 147 6.3
HoF»TPP 0:0.75:0.25 1292 93 4.9
ZnTPP 0:0:1.00 955 316 0.30
ZnFgTPP 0:0:1.00 1046 352 0.17
ZnFTPP 0:0:1.00 961 121 1.7

59



Chapter 2

2-3-4. Calculations of configurations of porphyrins in their triplet state
The stronger dipole-dipole interactions between electrons in the fluorinated free-base

porphyrins, which is indicated by the larger D value,?**°

would result in the shorter spin—lattice
relaxation time 7. It has been reported that the larger D value in the fluorinated Mg porphyrins
is due to the enhanced mixing of *(a.e,) and *(aiueg) configurations by the fluorine substitution. !
DFT calculations were performed for free-base porphyrins using B3LYP/6-31G* for geometry
optimizations and B3LYP/EPR-II*’ for time-dependent DFT calculations.® The four frontier
orbitals in the lowest triplet state are shown in Figure 2-15. In the triplet state, both HOMO and
LUMO are singly occupied molecular orbital (SOMO)s, but the ground state labeling was retained
for clarity. The fluorine substituents largely increased the excitation energy to the lowest triplet
state (Table 2-2). The main configuration of the lowest triplet state of H,TPP was (LUMO «
HOMO), but the contribution the (LUMO+1 «— HOMO-1) configuration (HOMO-1: the second
highest molecular orbital, LUMO+1 the second lowest unoccupied molecular orbital) was
increased with fluorination. The increased excitation energy to the triplet state and the enhanced
contribution of the (LUMO+1 <« HOMO-1) configuration by the fluorine substitutions are
consistent with the observed blue shift of the phosphorescence peaks (Figure 2-8).!" Therefore, it
was expected that the larger D value by the fluorine substitutions of the free-base porphyrins

derives from the mixing of the configurations.

60



Chapter 2

LUMO+1 LUMO HOMO HOMO-1
(SOMO) (SOMO)

Figure 2-15. The four frontier orbitals (isovalue = 0.02) of (a) H,TPP, (b) HoFsTPP, (c) HoF20TPP,
(d) ZnTPP, (e) ZnFsTPP and (f) ZnF2oTPP in the lowest triplet state calculated by B3LYP/6-31G*.
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Table 2-2. The excitation energies and main configurations (weight) of the porphyrins in the

lowest triplet state calculated with B3LYP/SDD for Zn, EPR-II for others.

o HOMO HOMO HOMO-1 HOMO-1
Excitation
Compound — — — —
energy (eV)
LUMO LUMO+I LUMO LUMO+1
H,TPP 1.366 0.830 - - 0.148
H,FsTPP 1.393 0.761 - - 0.219
H,F,TPP 1.412 0.726 - - 0.254
ZnTPP 1.649 0.421 0.421 0.075 0.075
ZnFsTPP 1.684 0.167 0.167 0.328 0.328
ZnFTPP 1.695 0.220 0.220 0.272 0.272
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2-3-5. Calculations of spin density of zinc porphyrins

The much shorter 77 of 0.30 us was observed for ZnTPP compared with H,TPP (9.3 ps). Since
D value of ZnTPP was smaller than that of H,TPP, another relaxation mechanism that is not
dipole-dipole interaction should be occurring to Zn porphyrins. In the case of organic molecules
without heavy atoms, the effect of spin—orbit interaction on spin—lattice relaxation is known to be
insignificant.?** On the other hand, in the case of Zn porphyrins, the large spin—orbit interaction
between the electrons and the heavy Zn atom may have a significant effect on spin—lattice
relaxation. The 71 of ZnFsTPP (0.17 us) was shorter compared to that of ZnTPP (0.30 ps). The
DFT calculation results show that the mixing of the configurations were observed by fluorine
substitution, which may result in the increase of D value and the shortening of T, similar to the
case of free-base porphyrins.

On the other hand, by increasing the number of fluorine atoms, a significantly longer 7' of 1.7
us was observed for ZnF,TPP than ZnTPP and ZnFsTPP, which cannot be explained by the
change of D value. To understand the observed large elongation of 7T’ by the fluorine substitutions
on Zn porphyrins, spin density in their lowest triplet state was estimated. The spin density of Zn
atoms in ZnFTPP was significantly reduced compared to other Zn porphyrins (Figure 2-16,
Table 2-3). Therefore, the long 77 of ZnF»TPP can be attributed to the electron-withdrawing
fluorine substituents that reduce the spin density on Zn atoms and weaken the spin—orbit
interaction. In free-base porphyrins, no large change in spin density was observed due to fluorine
substitution, suggesting that the mixing of configurations does not affect the spin density

significantly.
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Figure 2-16. The spin density (isovalue = 0.00015) of (a) H.TPP, (b) H2FsTPP, (c) H2F2TPP, (d)

ZnTPP, (¢) ZnFsTPP and (f) ZnFTPP in the lowest triplet state calculated by B3LYP/6-31G*.

Table 2-3. Spin density of the porphyrins in the lowest triplet state calculated with B3LYP/6-

31G*.
Compound Porphyrin ring Phenyl ring Zn atom
H,TPP 1.9901 0.0099 -
HoFsTPP 1.9987 0.0013 -
HoF2TPP 1.9980 0.0020 -
ZnTPP 1.9739 0.0125 0.0136
ZnFsTPP 1.9785 0.0122 0.0093
ZnF»TPP 1.9896 0.0136 -0.0031
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2-4. Conclusion

In this chapter, it is succeeded to obtain longer spin—lattice relaxation time 77 was obtained
while maintaining the large polarization (Px : Py : P,=0: 0: 1.0) of metalloporphyrins. Although
the spin—orbit coupling, that generates the polarization, shortens the relaxation time, the relaxation
time can be successfully extended keeping a large polarization by optimizing the strength of the
interaction. Metalloporphyrins have been considered to be difficult to utilize as qubits at room

temperature, but it suggested that this problem can be overcome by the proper molecular design.
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Chapter 3. Guest responsive triplet quantum coherence in a

flexible MOF towards quantum sensing

3-1. Introduction

Among the quantum technologies, quantum sensing will have an impact on a wide range of
fields, including chemistry' and biology” using the quantum properties of qubit. An important
parameter for quantum sensing is the time over which the coherence of spin correlations is
preserved.’ Since the sensitivity of quantum sensing depends on coherence time, a long coherence
time is highly desirable.”

Molecular qubits have uniform structures and can be precisely controlled, which is
advantageous for quantum sensor.”'® Furthermore, their small size allows them to closely
approach the target analyte. Although some radical is known to show long coherence time (72)
over several microseconds,'® it is still not easy to achieve microsecond-scale 7> at room
temperature for many molecular qubits. Furthermore, it remains unclear how to make molecular
qubits responsive and selective to specific analytes.

One strategy to gain responsivity to analytes is employing porous materials such as metal—
organic frameworks (MOFs) or covalent—organic frameworks (COFs). There are few examples
of quantum sensing using MOFs containing paramagnetic species.”*?! In these reports, the
hyperfine interaction between electron spins and nuclear spins was used to sense analytes, but this
method left a major challenge in that it could not distinguish compounds composed of the same
nuclear species, such as benzene and toluene, for example. Another way to sense analytes are
using the modulation of the coherence time, known as relaxometry. However, since qubits
exposed in the nanopores of MOFs and COFs can undergo significant relaxation from the motion
of the qubit itself, it is necessary to design the environment around the qubit appropriately to have
a sufficiently long 7>.

The photoexcited triplet state of organic dyes is an excellent candidate for qubits because they
can create highly polarized electronic states even at room temperature (Figure 3-1a).**%
Furthermore, it has long been known that the triplet state of pentacene doped in dense p-terphenyl
crystals exhibits a long 7> on the microsecond scale even at room temperature.”> However, except

7,12-13, 17

for a few pioneering examples, photoexcited triplets are largely unexplored in the context

of qubits and have never been used for quantum sensing because they are buried in dense matrix
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crystals and cannot approach the target analyte. As with other paramagnetic qubits, the response
of triplet qubits to target analytes based on hyperfine spectroscopy and relaxometry is expected.?
The characteristic of triplets is that they have an anisotropic and large (~GHz) zero-field splitting
(ZFS) interaction, so that the molecular motion of the qubit causes a pronounced relaxation based
on orientation change with respect to the magnetic field.”® Therefore, when target analytes are
incorporated into the nanopores and the environment around the qubit changes, it is expected that
the changes can be sensitively captured through relaxometry.

Chapter 3 describes a material design towards quantum sensing using triplet qubits and MOFs.
MOFs make the analyte molecules accessible to triplet qubits, and the coherence time 75 of the
triplet qubits is changed by flexibly changing the MOF structure through adsorption of the guest
analyte. This method can show different 7> responses for a wider variety of organic compounds.

MIL-53 was selected as a flexible MOF that exhibits guest-responsive structural change,
termed breathing behavior.””?* The N-substituted tetracene, 5,12-diazatetracene (DAT), was
employed as the triplet qubit.”> Compared with conventional pentacene, DAT has the advantages
of good solubility and superior air-stability.

A variety of additional guest analyte molecules were introduced into DAT-accommodated MIL-
53 and evaluated 7> of the DAT triplet using pulsed EPR (Figure 3-1b and 3-1c). Analyte
molecules have nuclear spins, such as that on protons, which usually work as noise to shorten 7.
Interestingly, the 7> of DAT in MIL-53 shows various 7> depending on the type of guest analyte,
with the longest 7> being longer than 1 ps at room temperature. This can be mainly attributed to
the local molecular density around the DAT and has led to a new concept of quantum sensing by

controlling the dynamics of qubits.
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Figure 3-1. (a) Initialization of the triplet qubit. Spin polarization between two of the three triplet
sublevels generated by photoexcitation and following spin-selective intersystem crossing (ISC)
can be used as qubits. (b) Response of triplet qubits to the guest-induced structural change of a
flexible MOF. DAT and D-MIL-53 are employed as triplet qubits and the flexible MOF,
respectively. (¢) Guest analyte molecules used in this research. H>O, 2-propanol (PrOH), pyridine
(Py), 5-fluorouracil (FU), p-benzoquinone (BQ), THF, chloroform (CHCIs), ethyl acetate (EtAc),

toluene (4-Tol), ethanol (EtOH), and acetonitrile (AcNt) are introduced to D-MIL-535DAT.
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3-2. Experimental section
3-2-1. Materials

All reagents were used as received unless otherwise noted. Aluminum chloride hexahydrate
(AICl3-6H,0) and p-benzoquinone (BQ) were purchased from Sigma-Aldrich. p-Terphenyl was
purchased from FUJIFILM Wako Pure Chemical and purified by zone melting. o-
Phenylenediamine, potassium dichromate (K,Cr,O7), and ethylenediamine-N, N, N, N'-tetraacetic
acid, tetrasodium salt tetrahydrate (Nas-EDTA) were purchased from FUJIFILM Wako Pure
Chemical. 2,3-Dihydroxynaphthalene and 5-fluorouracil (FU) were purchased from TCI. Glacial
acetic acid and oxalic acid dihydrate were purchased from Kishida Chemical. Terephthalic acid-
ds (BDC-ds) (ring-ds, 98 atom%) was purchased from Cambridge Isotope Laboratories, Inc. 5,12-
Diazatetracene (DAT) and deuterated MIL-53 (D-MIL-53) were prepared following the literature

with slight modifications.***

3-2-2. Characterizations

Solution-state 'H-NMR (400 MHz) spectra were recorded on a JEOL JNM-ECZ400
spectrometer using tetramethylsilane (TMS) as the internal standard. Elemental analysis was
carried out using a Yanaco CHN Corder MT-5 at the Elemental Analysis Center, Kyushu
University. UV—Vis absorption spectra were obtained on a JASCO V-670 spectrophotometer.
Fluorescence spectra were obtained using a JASCO FP-8700 fluorescence spectrometer.

Thermogravimetric analysis curves were obtained on a Rigaku Thermo Plus EVO2 under No.
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3-2-3. Time-resolved EPR measurements and pulsed EPR measurements

EPR measurements were performed on a Bruker E680 operated at X-band (~9.6 GHz) using 2
mm glass capillaries placed into 4 mm quartz EPR tubes. A Bruker standard dielectric resonator
was used as a microwave resonator (ER4118X-MD5W) using TEO11 mode. The samples were
excited at a wavelength of 532 nm, excitation light intensity of 2—-3 mJ/pulse, pulse width of 5—
12 ns, and repetition rate of 30 Hz using a Spectra-Physics Quanta-Ray YAG laser. The microwave
intensity were ~0.06 mW for time-resolved measurements. For pulsed EPR measurements, ~2
uW microwave was amplified by a 1 kW amplifier and then attenuated by an attenuator to 7/2
pulses with a pulse width of 16 ns. 16 ns and 24 ns microwave pulses were used as 7/2 pulse and
7 pulse, respectively. Temperature was controlled by flowing liquid helium using an Oxford
Mercury iTC. The echo decay measurements were conducted using a two-pulse spin echo
sequence. The first /2 pulse was irradiated 0.3 ps after laser excitation and the pulse interval ©

was varied. 7> was obtained by single exponential fitting of decay curves.
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3-2-4. Synthesis of DAT

CCC + mD == CCLC

5,12-dihydrodibenzo[b]phenazine

H
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H

5,12-diazatetracene (DAT)

Figure 3-2. Synthetic scheme of DAT.

A mixture of 2,3-dihydroxynaphthalene (2.00 g, 12.5 mmol) and o-phenylenediamine (1.35 g,
12.5 mmol) was put into a 50 mL flask and heated to 200 °C for 1 h under N, atmosphere. After
filtering and washing the crude product with methanol, 5,12-dihydrodibenzo[b]phenazine was
obtained as a yellow solid and used in the next step without further purification.

5,12-Dihydrodibenzo[b]phenazine (2.04 g, 8.69 mmol) was added to 60 mL of glacial acetic
acid to produce a suspension. KoCr,O7 (5.32 g, 18.0 mmol) in 20 mL water was slowly added
dropwise, and the mixture was stirred overnight in the dark at room temperature. After
neutralization, the organic layer was extracted with CHCls, dried with anhydrous Na,SOs, and
concentrated under reduced pressure. Recrystallization from toluene gave 5,12-diazatetracene
(DAT) as a reddish-orange solid (yield: 47%). '"H-NMR (400 MHz, CDCls;, TMS): 6 (ppm) = 8.92
(s, 2H), 8.23 (dd, 2H), 8.13 (dd, 2H), 7.81 (dd, 2H), 7.54 (dd, 2H). Elemental analysis for
CisHioNa: calculated (%) H 4.38, C 83.46, N 12.17; found (%) H 4.30, C 83.50, N 12.03.
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Figure 3-3. '"H NMR spectrum (9.4 T, CDCl;) of DAT.
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3-2-5. Synthesis of D-MIL-53

O~_OH
D D Oxalic acid dihydrate
AICI3:6H,O  + D-MIL-53
D D Deionized water, 220°C
HO™ ~O

Figure 3-4. Synthetic scheme of D-MIL-53.

MIL-53 [Al(u>-OH)(BDC)], was synthesized according to the previous report,’' using oxalic
acid as modulator. To suppress the relaxation of electron spins by hyperfine interaction, the
ligands of MIL-53 was deuterated (D-MIL-53; [Al(u2.-OH)(BDC-d4)]n).

AICl3-6H20 (966 mg, 4 mmol), oxalic acid dihydrate (504 mg, 4 mmol), and terephthalic acid-
ds (BDC-ds) were added to 30 mL deionized H,O and put into a 50 mL Teflon-lined autoclave.
The mixture was sonicated, heated at 220 °C for 72 h, and cooled to room temperature over 24 h
in an oven. After filtering and washing the product with DMF and methanol, a colorless powder
was obtained.

To remove the residual BDC-d4 ligands from D-MIL-53, the obtained powder was added to 15
mL DMF and heated to 120 °C for 16 h in the oven again. The resulting product was filtered and
washed with DMF and methanol. These procedures were repeated until the peak from BDC-ds
was no longer observed in thermogravimetric measurements (at least three times). The product
was then activated at 150 °C for 3 h.

In ambient air, activated MIL-53 immediately adsorbs water molecules and forms hydrated
structures®” (denoted as D-MIL-53> H,0). Elemental analysis for [CsH 0sD3 9205Al1]-1.0(H20):
calculated (%) H 3.06, C 41.75, N 0.00; found (%) H 3.05, C 41.80, N 0.00.
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3-2-6. Introduction of qubit and guests into D-MIL-53

D-MIL-53 (50 mg) was put into a 6 mL vial and dried under reduced pressure at room
temperature over 3 h. The vial was placed in the dark for 1 h at room temperature after adding 2.5
mL dichloromethane solution of DAT (1 mM). The mixture was centrifuged, washed with fresh
dichloromethane (1.0 mL, seven times), and dried under vacuum at 100 °C for 3 h. D-MIL-
53oDAT was obtained as a yellow powder.

In the ambient air, D-MIL-532DAT quickly absorbs water and forms the hydrated structure
(denoted as D-MIL-53[DAT + H,0)).

The following 11 guests were additionally introduced into D-MIL-5325DAT: H,O, 2-propanol
(PrOH), pyridine (Py), 5-fluorouracil (FU), p-benzoquinone (BQ), THF, chloroform (CHCls),
ethyl acetate (EtAc), toluene (/#-Tol), ethanol (EtOH), and acetonitrile (AcNt) (Figure 3-5). Guest
molecules were selected to cover as wide a range of volumes as possible based on the previous
reports.*”**% In addition, for liquid guests, those with boiling points high enough but not too high
were selected not to be evacuated during sample preparation and to be introduced by vapor
diffusion.

Guest analytes except for FU and BQ were introduced by exposing D-MIL-532DAT to each
guest vapor. D-MIL-535DAT was put into a 6 mL vial and dried under reduced pressure at 80 °C
for 3 h. The vial was placed in a Schlenk flask containing a small amount of solvent containing
activated 3A molecular sieves and stored in the dark overnight.

The introduction of FU and BQ into the nanochannels of D-MIL-532DAT was performed by
the sublimation method.** D-MIL-535DAT was evacuated at room temperature for 3 h. FU (35
mg) or BQ (60 mg) were added to D-MIL-535DAT and the mixtures were put into a 30 mL
Schlenk flask. After 1 h of evacuation, guests were sublimated and absorbed directly into the
nanopores of the MOF at 175 °C for FU and 80 °C for BQ under reduced pressure for 1 h. Residual
guests were eliminated at 175 °C or 80 °C under vacuum until the PXRD peaks of bulk FU and
BQ were no longer observed. D-MIL-535[DAT + FU] and D-MIL-53>[DAT + BQ] were

obtained as a pale-yellow powder and a yellow powder, respectively.
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Figure 3-5. (a) Scheme of introduction of DAT and guest molecules into D-MIL-53. DAT was
firstly introduced into the MOF by soaking CH>Cl, solution. The guests were accommodated by

sublimation (for solid guests) or exposure (for liquid guests). (b) Guest molecules used in this

work.
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3-2-7. Estimation of guest density in D-MIL-53 pore
The number of guest molecules per unit cell of D-MIL-53 (nguest) was calculated from the
following equation:

n _ Wioss(Mpor + NparMpar)
guest =
nlguest(1 - Wloss)

3.1

where Wioss, BDAT, MMOF, Mpat and mguest are weight loss (weight of guest) as a percentage of total
weight, the number of DAT molecules per unit cell of D-MIL-53, the molecular weight of a unit
cell of D-MIL-53 (equivalent to 4 times chemical formula), the molecular weight of DAT, and the
molecular weight of the guest, respectively. The guest accessible pore volume per MOF unit cell
(Vpore) of MIL-53>water was obtained as 638 A® by Platon software. By subtracting this Vpore
from the volume of the MOF unit cell of MIL-535H,0 (Vmor, 977 A*),?” the volume of the
framework (Viucture) Was estimated as 339 A°. This Vructure Was assumed to be same for all the D-
MIL-535[DAT + guest]. The percentage of guest occupied volume was estimated by the
following equation,

100n V, 100n V,
guest occupied volume (%) = guest guest _ guest "guest (3.2)
VMOF - Vstructure Vpore

where Vgest is the volume of the guest molecule obtained from its steric parameters (Table 3-1).%
The MOF unit cell Vmor of some of D-MIL-535[DAT + guest] was estimated by PXRD peak
positions using the program DICVOL* (Table 3-2). For D-MIL-535[DAT + guest] containing
THEF, CHCIs, EtAc, A-Tol, EtOH, and AcNt as the guest, V'mor was estimated by using the unit cell
volume of MIL-53 (Fe)oguest,” considering a linear relationship between the unit cell volumes

of MIL-53 (Al)>guest and MIL-53 (Fe)oguest (Figure 3-6).
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Table 3-1. Steric parameters of the guest molecules: L, 4 and e are the maximum length, the

intermediate length, and the thickness of molecules, respectively. Vguest was determined by L x &

X e.

Guest L (A) h (A) e (A) LY

PrOH 6.5 5.2 4.7 158.9
FU 6.9 6.7 35 160.2

EtAc 6.2 5.7 3.4 120.2

Table 3-2. Unit cell parameters for MIL-53 (Al) with guest molecules.

Guest a(A) a' (A) b (A) c(A) Q) Vmor (A3)

Crystal system

H.0? 19.513 18.913 7.612 6.576 104.24 977
PrOH 19.133 18.161 10.844 6.663 108.34 1312
Py 17.547 - 12.181 6.703 - 1433
FUY 17.984 - 11.749 6.810 - 1438
BQ 18.642 - 11.916 6.757 - 1501

monoclinic

monoclinic

orthorhombic

orthorhombic

orthorhombic

a’ is the reduced unit cell edge length and a’ = a cos(f-7/2).
a) Reported in Ref. 32.
b) Reported in Ref. 30.
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Figure 3-6. Plot of the volumes of MIL-53 (Fe)oguest against those of MIL-53 (Al)>guest.

The volumes of MIL-53 (Al) with THF, CHCIs, EtAc, A-Tol, EtOH and AcNt were estimated

from this relationship using reported values of MIL-53 (Fe)?® due to the evaporation of these

guests during the PXRD measurements.
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3-2-8. Molecular dynamics (MD) simulations
3-2-8-1. Models construction for MD simulations

To construct model structures, the reported experimental crystal structures of MIL-53 in
degassed and H,O-solvated phases were refered,’” and optimized the infinite crystal structure

35-3¢ yunder periodic boundary condition. For the optimization, the pob-

using Crystall7 program
TZVP-rev2 basis set’’ for all atoms and PBE functional®® together with Grimme D3 type
dispersion correction were employed.*” The shrinking parameters were set to 2 and 2, and cell
parameters were fixed to the experimental ones. Similarly, the MIL-53 in BQ-solvated phase were
optimized using the crystal structure of the desolvated phases after changing the cell parameters
to the estimated one in Table 3-1. After the optimization of all three systems, each model structure
of the 2 x 2 x 4 supercell (16 unit cells) were constructed, where the 4 cells correspond to the
pore direction. One DAT molecule was introduced into each model using the insert-molecule tool
in GROMACS.*" According to the experimental estimation of the amount of solvent molecules,

64 H,O molecules and 64 BQ molecules are added into each model respectively after the

introduction of the DAT molecule.

3-2-8-2. Details of MD simulations

The force field parameters for the metal cluster of the MIL-53 were generated by using the
Seminario methods* in the MCPB.py modelling tool* of AmberTools18* with the general
AMBER force field (GAFF).** The Lennard-Jones parameters for the Al atoms and the O atoms
coordinating to the Al atoms were taken from the universal force field* and the Mulliken partial
charges were taken for the literature.*® The topologies files for the H,O, BQ, DAT molecules were
prepared as follows. The geometries of the three molecules were optimized using density
functional theory at the B3LYP/6-311+G(d, p) level of theory. The Mulliken atomic charges were
obtained from the single point calculation at HF/6-31G* level of theory. The optimization and
charge evaluation were conducted using Gaussian 16 Rev. C. 01.*” Using the obtained geometries
and charges, the amber topology files were generated by the antechamber package*® with GAFF
force field. The amber topology files were converted into a GROMACS format using the python
script, Acpype.*’

For the equilibration of the solvents, first, energy minimization of the systems was performed

based on the steepest descent algorithm with the threshold of the maximum force, 10.0 kJ/mol/nm.
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Second, NVT equilibration for 20 ns at 300 K were carried out for relaxation of the introduced
solvent molecules within the pore, fixing the atomic positions of the MIL-53.

The main MD simulations with the canonical ensemble were performed without any restraints
for 200 ns, and the snapshots were collected every 5 ps. To keep the temperature at 300 K, the
velocity rescale thermostat was used.”® Dynamics were propagated with a leapfrog integrator
using a time step of 1 fs for the equilibration procedure, and of 2 fs for the main MD simulation,
while preserving bond lengths using LINCS.*' The geometric mixing rules were applied for cross-
interactions. The particle-mesh Ewald scheme®® was used for calculating the long-range
electrostatic interactions, while short range contributions were computed with a cutoff distance
of 11 A. All simulations were carried out under periodic boundary conditions using GROMACS

software version 2020.5.%
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3-3. Results and discussion
3-3-1. Characterizations of D-MIL-53DDAT

DAT was introduced into partially deuterated MIL-53 [Al(u2-OH)(BDC-ds)]n (denoted as D-
MIL-535DAT; BDC-ds = perdeuterated terephthalate) by simply soaking D-MIL-53 in a
dichloromethane solution of DAT, according to previous report.*° The introduction of DAT qubits
into D-MIL-53 was confirmed from UV-vis absorption measurement (Figure 3-7). The absorption
of D-MIL-53[DAT+H,0] shows absorption peaks at 450, 480, and 515 nm derived from n—n*
transitions. This is consistent with the absorption peaks of DAT molecularly dispersed in p-

terphenyl crystal and is clearly different from the red-shifted peaks of DAT in its aggregated solid

state, as previously reported.”

—— D-MIL-532[DAT+H,0]
fffff DAT in p—terphenyl
----- neat DAT

D-MIL-53

Absorbance (a.u.)

400 500 600 700
Wavelength (nm)

Figure 3-7. UV-vis absorption spectra of D-MIL-532DAT with H,O (black line), 0.1 mol% DAT

doped in p-terphenyl crystal (gray dot line), neat DAT (brown dot line), and D-MIL-53 (gray solid

line).
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The amount of DAT molecules in D-MIL-53 was calculated by UV-Vis absorbance after
digesting D-MIL-532DAT in aqueous Nas-EDTA solution. DAT was extracted from 20.0 mg D-
MIL-535DAT using 4.0 mL dichloromethane after adding 4.0 mL aqueous Nas-EDTA solution
(125 mM). The absorbance at 475 nm of the dichloromethane solution of DAT was 0.055 in a 1
mm cell for 20.0 mg of D-MIL-535[DAT + H,O] (Figure 3-8). From the calibration curve, the
concentration of the solution was calculated to be 0.175 mM. Therefore, the total amount of DAT
in the 4.0 mL dichloromethane solution was found to be 0.70 pmol (= 0.16 mg). Since 7.8 wt%
of water was contained in D-MIL-535[DAT + H,O] (from the TGA curve shown later), the weight
of D-MIL-535DAT without water was determined to be 18.44 mg (21.74 umol). Thus, the
number of DAT molecules per unit cell of D-MIL-53 was estimated to be 0.70/21.74 = 0.032,
which corresponds to 0.87 wt% of DAT in D-MIL-532DAT.

(a) (b)
0.7 0.7
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0.6 ™\ ' mM 0.6 /'
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Y. N~ 0.2 mM =
o5~/ N~ oum o 051 e
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Figure 3-8. (a) UV-vis absorption spectra of a series of DAT standard dichloromethane solutions
(0.05, 0.1, 0.2, 0.5, 1, 2 mM). (b) The calibration line obtained from the absorbance of DAT
dichloromethane solutions (0.05 mM, 0.1 mM, 0.2 mM, 0.5 mM, 1 mM and 2 mM) at 475 nm
using 1 mm quartz cell. The absorbance at 475 nm was 0.055 when 20.0 mg of D-MIL-535[DAT
+ H,O] was digested to 4 mL dichloromethane solution (shown as orange dot). From the

calibration curve, the concentration of DAT in the solution was calculated to be 0.175 mM.
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The formation of MIL-53 structure was confirmed by measuring PXRD patterns (Figure 3-9).
The obtained peak pattern of D-MIL-53 was matched with simulated structure, the pattern was
kept for D-MIL-535[DAT + H,O] under soaking of 1 mM DAT solution in dichloromethane. As
the concentration of the DAT solution is increased, the structure of obtained MOF changes

gradually, supporting the accommodation of DAT in the MOF nanopores.

D-MIL-53=[DAT+H,0]
JJ\WM (DAT 4 mM)

= D-MIL-535[DAT+H,0]
S (DAT 1 mM)
>
=
[72)
C
Q D-MIL-535H,0
= (DAT 0 mM)

simulated MIL-53

10 20 30 40 50
20 (degree)

Figure 3-9. PXRD patterns of D-MIL-535[DAT + H,O] prepared with DAT in dichloromethane
4 mM (brown) and 1 mM (orange) solution, D-MIL-535H,0 (black), and its simulated pattern

(gray).
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3-3-2. Characterizations of D-MIL-53>[DAT+guest]

The following 11 guests were additionally introduced into D-MIL-5325DAT: H,O, 2-propanol
(PrOH), pyridine (Py), 5-fluorouracil (FU), p-benzoquinone (BQ), THF, chloroform (CHCls),
ethyl acetate (EtAc), toluene (%-Tol), ethanol (EtOH), and acetonitrile (AcNt). FU and BQ were
introduced by sublimation, and other guests were introduced by exposing D-MIL-53 to each vapor.
Guest molecules were selected to cover as wide a range of volumes as possible based on the
previous reports.”’?’ In addition, for liquid guests, the guests were selected considering that their
boiling points high enough not to be evacuated during sample preparation and not too high to be
introduced by vapor diffusion.

UV-vis absorption spectra of DAT in the guest-accommodated samples are slightly different
from guest-free D-MIL-535DAT (Figure 3-10), except for D-MIL-535[DAT + BQ] which
absorption of BQ are overlapped, suggesting the successful accommodation of the guests. In
addition, the change in spectra is not significant for all guests other than BQ. This indicates that
the interaction between DAT and the guest molecules is small in the ground state and that DAT is
not aggregated by the introduction of guests.

The structural change of the MOF after guest insertion was confirmed from the transformation
of the PXRD patterns (Figure 3-11). Due to the desorption of the guest molecules during
measurements, only guests with high-boiling points and solid guests were measured. Different
PXRD patterns were observed for each guests, as reported in previous report.”® The structural
parameters were obtained from Rietveld refinement and summarized in Table 3-2. For other guest
molecules, the parameters were estimated from a relationship between MIL-53 (Al) and MIL-53

(Fe)*® (Figure 3-6).
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Figure 3-10. UV-vis absorption spectra of D-MIL-532DAT with H,O (black), PrOH (pink), Py
(red), FU (orange), BQ (yellow), THF (pale green), CHCIs (green), EtAc (blue), #-Tol (dark blue),

EtOH (purple), and AcNt (gray). For D-MIL-535[DAT + BQ)], the absorption of DAT overlapped
with that of BQ.
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Figure 3-11. PXRD patterns of D-MIL-535[DAT + H»O] (black), D-MIL-53>[DAT + PrOH]
(red), D-MIL-535[DAT + Py] (orange), D-MIL-535[DAT + FU] (yellow), and D-MIL-535[DAT
+ BQ] (green).
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3-3-3. EPR properties of D-MIL-53O>[DAT+guest]

The coherence times (72) of the photoexcited triplets of DAT in D-MIL-53 were measured by
pulsed EPR at room temperature with a spin echo sequence varying the pulse intervals (Figure 3-
12a). Measurements were taken at the magnetic field of the high-field and low-field peaks of the
EPR spectra shown later, respectively, and both decay curves are shown (Figure 3-12¢). The decay
of echo intensity was fitted with a single exponential function and 7> was obtained as the decay
constant. While DAT shows electron spin echo envelope modulation (ESEEM) due to hyperfine
coupling with 'H nuclei and '*N nuclei at higher magnetic field, it does not affect the estimation
of T». The T» values obtained at the higher and lower magnetic fields are similar (Table 3-3).

A relatively short 7> of around 0.1 ps is observed for D-MIL-535DAT without any guest
analyte (termed ‘empty’). No echo signals are detected when 4-Tol, EtOH, or AcNt are introduced
as guests, probably due to the shortening of 7> (< 0.1 us). This is not surprising, since proton
nuclear spins usually work as noise and reduce coherence time.” Meanwhile, interestingly, the
introduction of some guest molecules such as Py, FU, BQ, and THF clearly elongate 7> of the
DAT triplets, despite the increase in proton and other nuclear spins that could cause spin relaxation.
The T, of DAT in the presence of FU and BQ are over 1 us, which are notably long as molecular
qubits at room temperature>. To confirm the measurements were run in the spin dilute regime,
the 7> were measured with different laser powers (Figure 3-13). As expected from the low
concentration of DAT in the sample (0.87 wt%), the change of 7> was small and intermolecular
interactions between electron spins of DAT triplets could be ignored.

The T, value was plotted against the cell volume of pristine MIL-53 (Figure 3-12b). With
increasing cell volume, 7> shows a non-monotonic trend, becoming longer and then shorter.
Interestingly, triplet qubit and flexible MOF hybrids exhibit different coherence times for various

guest molecules at room temperature.
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Figure 3-12. (a) Spin echo sequence used for 7> measurement. The intervals of microwave pulses
and echo detection were varied. (b) Plot of 7 and the fit error obtained by the single-exponential
fitting of the spin echo decay curves against the unit cell volume of MIL-53. Only the 7> obtained
from the low field peaks where the effect of ESEEM was small is plotted. For the empty, FU and
THF samples, the means and the standard errors of three measurements are shown. Errors of the
H,O and THF samples were small and buried in the symbol. (c) Spin echo decay curves after
pulsed photoexcitation at 532 nm for empty (D-MIL-535DAT) and guest-filled (D-MIL-
53o[DAT + guest]) samples at room temperature. The decay curves of each sample at the
magnetic field corresponding to the higher and lower EPR peaks (Figure 3-14) are shown at the
top and bottom, respectively. Single-exponential fitting curves for each sample are also shown.

Echo signals were not observed when the guest was A-Tol, EtOH, or AcNt.
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Table 3-3. Unit cell parameters for MIL-53 (Al) with guest molecules. 7> were obtained from

pulsed EPR measurements while other parameters were obtained from time-resolved EPR

measurements.
T2 (us) T1 (pus) Relative
Guest High Low High Low populations o !
(MHz) (MH2)
(378 mT) (305 mT) (378 mT) (305 mT) (Px:Py:Py)

Empty  0.133+0.002°  0144+0.002" 1.609+0.087  1.450 +0.089 1.00:0:0 1610 160
H,0 0.136+£0.007  0.156+0.005 4.472+0.179 3.935+0.139  0.95:0:0.05 1610 160
PrOH 0.615+£0.014  0.290+0.041  2.560+0.066 2.133+0.056 1.00:0:0 1610 160
Py 0.523+0.074  0.564+0.066 4.399+0.133  3.886+0.103 1.00:0:0 1610 160
FU 1.000£0107" 102040091 " 4.612+0.118 3.999+0.101  0.95:0:0.05 1610 160
BQ 1.079+0.121  0.999+0.057  5.660+0.302 5.132+£0290  0.75:0.25:0 1610 160
THFE  0470+0024" 0648<0012" 3.343+0.081 3.160+0.081  0.95:0:0.05 1610 160
CHCI;  0.125+0.011  0.101+0.015 1.371+0.037 1.128+0.025  0.95:0.05: 0 1610 160
EtAc 0.096+0.032  0.104+0.022  1.684+0.059 1.548+0.048  0.90:0.10:0 1610 160
h-Tol <0.1 <0.1 3.009+0.189 2.986+0.151  0.95:0:0.05 1610 160
EtOH <0.1 <0.1 1.226+0.070  1.047+0.061  0.85:0.15:0 1610 160
AcNt <0.1 <0.1 1.001 +0.093  0.978+0.097  0.80:0.20:0 1610 160

a) The means and the standard errors of three measurements are shown instead of fit errors.
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Figure 3-13. Plot of 7> against the excitation laser power for the high field peak (black line, 378
mT) and the low field peak (red line, 305 mT) of D-MIL-535[DAT + THF].

To obtain information about the interaction of DAT with guest molecules, time-resolved EPR
spectra were obtained (Figure 3-14a). All the samples show similar EPR spectra typical for a
polarized DAT triplet and it is consistent with the echo-detected field swept spectra obtained from
the pulsed EPR measurements (Figure 3-15). There is no significant motional narrowing as in the
EPR spectrum of the triplet state in solution,>® indicating that the incorporation of DAT into the
MOF nanopores effectively suppresses its rotation. The EPR spectra were simulated using the
EasySpin toolbox™ in MATLAB (Table 3-3). While large spin polarization of DAT were kept
after guest accommodations, the polarization pattern (Py : Py : P,) were slightly changed depends
on the guests. There were no significant change in zero-field splitting (ZFS) parameters (D and

E) among the samples.
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The spin—lattice relaxation time (77) was estimated from the decay of the EPR signal after light

irradiation (Figure 3-14b). Even under the continuous microwave irradiation which makes the

decay faster, the 7 value for each sample is more than an order of magnitude longer than the

corresponding 7> value (Figure 3-16).
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Figure 3-14. (a) Time-resolved EPR spectra at 0.1-0.5 ps for empty (D-MIL-535DAT) and

guest-filled (D-MIL-53>[DAT + guest]) samples at room temperature. The simulated EPR

spectra are shown as red lines. (b) Decays of the EPR peaks at higher and lower magnetic field

after pulsed photoexcitation at 532 nm for empty (D-MIL-532DAT) and guest-filled (D-MIL-

53o[DAT + guest]) samples at room temperature. Decay curves were fitted by a single

exponential function and the fitting results are shown as red curves.
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Figure 3-15. Comparison of the echo-detected field swept spectrum from pulsed EPR (red line)
and time-resolved CW-EPR spectrum (black line) of D-MIL-535[DAT + THF]. The slight
changes might be due to the difference in spectral resolution between time-resolved CW-EPR and

pulsed EPR, or difference in relaxation times for each peak.
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Figure 3-16. Plot of T; (triangle) and 7> (square) obtained by the single-exponential fitting of
time-resolved EPR signal decay and the spin echo decay curves, respectively, against the unit cell

volume of MIL-53. Only the values obtained from the low field peaks were shown.

93



Chapter 3

3-3-4. Possible decoherence mechanisms

There are several differences before and after the guest introduction to D-MIL-535DAT, thus
guest-responsive behavior of 7> would come from the difference. One possible factor is
interactions between DAT and guest molecules. However, as mentioned above, UV—vis
absorption spectra of D-MIL-535[DAT + guests] are not different from the guest-free sample
(Figure 3-10), and no significant interactions between DAT and guests are indicated. When the
dielectric constants of the liquid guests were plotted against 7>, no correlation was also shown

(Figure 3-17). Therefore, the change in 7> is not comes from the electronic interactions.

0.8
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0.6 upy
0.4 4
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Dielectric constant
Figure 3-17. Plot of 75 of D-MIL-535[DAT + guest] samples against the dielectric constants of

the guests. Only liquid guests are plotted.
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According to the time-resolved EPR spectra, the polarization pattern and the relative zero-field
populations (Py : Py : P,) were slightly changed depends on the guests (Figure 3-14, Table 3-3).
The slight changes were probably due to the change in vibronic spin-orbit coupling’®, but the 7>
values were unrelated to the relative populations (Figure 3-18). Thus, the DAT structure would be

kept after guest introductions.
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Figure 3-18. Plot of 75 against relative populations (Px : Py : P,) of empty (D-MIL-535DAT) and

guest-filled (D-MIL-535[DAT + guest]) samples.

In general, the spin—spin relaxation time (72) of organic molecules are written as equation (1.62).
There are three terms that affects the relaxation time: (i) spin—lattice relaxation (71), (ii) relaxation
from spin coupling between electron spins (7%.), (iii) relaxation from hyperfine coupling between
electron spin and surrounding nuclear spins (7%). The factors discussed in former sections would

not affect these three relaxations.
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The T were estimated from the decays in time-resolved EPR, and significantly longer than 7>

for all samples (Figure 3-14b and Table 3-3), indicating that the spin—lattice relaxation and would

not have major role in spin—spin relaxation. Indeed, for D-MIL-535DAT, 7> and 71 were 0.144

us and 1.450 ps, respectively. Thus, the value of (1/7> — 1/2T1), which reflects the relaxation rate

not due to the spin-lattice relaxation (i.e. spin—spin coupling), was calculated as 6.60 pus™ (Table

3-4). This is significantly different from the value for D-MIL-535[DAT+BQ] of 0.90 us™ (7> =

0.999 us, T1 = 5.132 ps). Therefore, the effect of spin—spin coupling terms should be main factor

for spin—spin relaxation. Meanwhile, there are positive relationship between 7 and 7. Since the

spin—spin dipolar coupling can induce spin-lattice relaxations,*® these relaxations are probably

due to the similar origins.

Table 3-4. Relationship between 7>, T1 and other relaxation factors. The value of 1/7> — 1/2T;

indicates the contribution of other relaxation processes than spin—lattice relaxation.

Contribution of spin—

Guest To(us)  Ti(us)®  UTa(us?t)  12Ti(ust)  UT,—1/2Ti (ust)  lattice relaxation in T
(%)
Empty 0.144 1.450 6.94 0.345 6.60 4.97
H20 0.156 3.935 6.41 0.127 6.28 1.98
PrOH 0.290 2.133 3.45 0.234 3.21 6.80
Py 0.564 3.886 1.77 0.129 1.64 7.26
FU 1.020 3.999 0.98 0.125 0.86 12.8
BQ 0.999 5.132 1.00 0.097 0.90 9.73
THF 0.648 3.160 1.54 0.158 1.38 10.3
CHCI; 0.101 1.128 9.90 0.443 9.46 4.48
EtAc 0.104 1.548 9.62 0.323 9.29 3.36
h-Tol <0.1 2.986 > 10 0.167 >90.83 <1.67
EtOH <0.1 1.047 > 10 0.478 >9.52 <478
AcNt <0.1 0.978 > 10 0.511 >9.49 <511

a) the values in lower magnetic field were used.

b) calculated from (1/271) / (1/T2) = T» / 2T.

The spin—spin interaction of electron spins contains two types of interactions: (i) intermolecular
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interaction and (ii) intramolecular interaction. The former one is an interaction between triplets
in different DAT molecules. Because of low concentration of DAT in the sample (0.87 wt%), the
T> was not dependent to triplet concentration (Figure 3-13), and this could be neglected. The latter
one is an interaction between electron spins within a single DAT triplet. Triplet electron spin has
the dipolar interaction in the composing two spins, and the interaction is called as zero-field
splitting (ZFS). The ZFS parameters (D and E) are estimated from the time-resolved EPR spectra
and found to be independent to guest species (Table 3-3). According to this result, the ZFS
interaction does not appear to affect the 7>, however the ZFS parameters are anisotropic to
magnetic field, there remains the possibility that the fluctuation of ZFS by molecular motions
induce the spin—spin relaxation.

For the third term (hyperfine interaction), there are two types of nuclear spins with large
gyromagnetic ratio ('H, 'F) in the system: spins on the guest molecules and OH protons attached
to aluminum metals (the MOF ligands were deuterated and can be negligible). To clarify the
relationship between 7> and hyperfine coupling between DAT and guest molecules, the 7> and the
number of 'H and F spins from guest analytes inside a unit cell (Figure 3-19). If the nuclear
spins of guest molecules are dominant to the relaxation, the 7> should be shorter with the increase
of the number of nuclear spins, but such behavior was not observed. Note that some guests with
methyl groups like toluene might be exceptional because methyl protons can have significant
effect for relaxation (Figure 3-20). The hyperfine coupling between the OH proton and DAT
should also exist. While the hyperfine interaction would not be the dominant factor because the
strength (~ MHz) is usually much weaker than ZFS interactions (~ GHz), the degree of fluctuation

of hyperfine interaction can be weakened when the molecular motions are suppressed by guests.
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Figure 3-19. Plot of 7> against the number of 'H and '°F spins from guest analytes of empty (D-
MIL-535DAT) and guest-filled (D-MIL-535[DAT + guest]) samples in a unit cell.
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Figure 3-20. Spin echo decay curves after pulsed photoexcitation at 532 nm for D-MIL-535DAT,
H-MIL-535DAT, D-MIL-535[DAT + D;0], D-MIL-535[DAT + H,0], D-MIL-535[DAT + d-
Tol], and D-MIL-532[DAT + A-Tol] (from top to bottom) at room temperature. Decay curves of
each sample at the magnetic field corresponding to the higher and lower EPR peaks (Figure 3-
14a) are shown at the top and bottom, respectively. Single-exponential fitting curves for each

sample are also shown. Echo signal was not observed for D-MIL-535[DAT + A-Tol].
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3-3-5. Relationship between coherence time and qubit mobility

The porosity of the MOF pore is important factor that affect the molecular motion around qubit.

To gain insight into the local molecular density around DAT in the MOF nanopores,

thermogravimetric analysis (TGA) was performed (Figure 3-21). From the TGA curves, the

volume fraction of the pore volume occupied by the guest was estimated (Table 3-5). The MOF

cell volume minus the framework volume was approximated as the guest accessible pore volume,

and the volume fraction of the pore volume occupied by the guest was estimated.

Weight loss (%)
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Figure 3-21. TGA curves of D-MIL-535DAT with H>O (black), PrOH (pink), Py (red), FU
(orange), BQ (yellow), THF (pale green), CHCl; (green), EtAc (blue), 4-Tol (dark blue), EtOH

(purple), and AcNt (gray). TGA curves were obtained under N, atmosphere with a heating rate

of 5 °C/min.
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Table 3-5. Estimation of guest occupied volume (%) of D-MIL-535[DAT+guest] for each guest.

Weidh Guest
Guest Ioszli/:) (g/?:oStl) Mt Vies ISE Vior ISE Voore (A3)®  occupied
volume (%)

H,O 7.81 18.02 4.022 39.17" 977 638 24.7
PrOH 10.14 60.10 1.607 158.9 1312 973 26.2
Py 26.18 79.10 3.836 151.99 1433 1094 53.3
FU 39.00 130.08 4.205 160.2 1438 1099 61.3
BQ 31.68 108.10 3.670 190.9 1501 1162 60.3
THF 16.00 72.11 2.260 203.7") 1526 1187 38.8
CHCI, 18.34 119.38 1.610 140.6" 1599 1261 18.0
EtAc 18.70 88.11 2.234 120.2 1637 1298 20.7
h-Tol 22.48 92.14 2.693 231.2") 1654 1315 47.3
EtOH 8.94 46.07 1.823 119.5") 1659 1320 16.5
AcNt 12.52 41.05 2.983 99.119 1669 1330 22.2

a) the values in lower magnetic field were used.
b) calculated from (1/27T%) / (1/12) = T / 2T1.
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Interestingly, the larger the volume fraction occupied by the guest, the longer the 7> (Figure 3-
22). h-Tol does not fit this trend, and it is possible that the rotation of the methyl group is
responsible for shortening 7>.> When perdeuterated toluene (d-Tol) is introduced as a guest, 7> for
the DAT triplet is extended to ~0.3 us (Figure 3-20), which matches the trend for the other guest
molecules. This suggests that, in the absence of a particularly relaxing substituent such as a methyl
group, the higher the volume fraction occupied by guest (or local molecular density), the more

the motility of DAT is suppressed and the longer 7> is.
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Figure 3-22. 7> and volume fraction occupied by the guest are plotted for empty (D-MIL-
53o5DAT) and guest-filled (D-MIL-535[DAT + guest]) samples. The means and the standard
errors of three measurements are shown for the empty, FU and THF samples, and the fit errors
obtained by the single-exponential fitting of the spin echo decay curves are shown for other

samples. For the H,O and THF samples, errors were small and buried in the symbols.
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Further analysis using experimental techniques such as solid-state nuclear magnetic resonance
(NMR) and terahertz spectroscopy may reveal the detailed dynamics of DAT, but it is difficult to
get such insights because the amount of DAT incorporated in the MOF is only 0.87 wt% and there
are much larger amounts of the host ligands and other guest molecules. Indeed, deuterated DAT
(95 % D) was synthesized and introduced into MIL-53 composed of protonated (non-deuterated)
terephthalate, but any “H NMR signal were not detected even after integrating 1000 scans with
15 kHz magic angle spinning at 9.4 T.

Instead, molecular dynamics (MD) simulation was performed to get insights about the DAT
dynamics in MIL-53. Three representative systems, empty (MIL-535DAT), MIL-535[DAT +
H,0], and MIL-535[DAT + BQ] were selected as model, which showed different guest density
and either longer or shorter 7>. The simulation was conducted at 300 K for 0.2 ps. To evaluate the
rotational and translational motions, the distances between aluminum atom and the four carbon

atoms were used (Figures 3-23 and 3-24, Table 3-6).

Figure 3-23. Locations of the aluminum atom and the selected four carbon atoms of the DAT
molecule to define the four specific distances in the (a) empty, (b) H,O-solvated and (c) BQ-
solvated phases. The dashed four lines in each phase represent these distances which were
chosen to analyze the mobility of DAT molecule inside the MIL-53 pore during the MD

simulations.
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Figure 3-24. The plots of cartesian coordinates, x (blue), y (ocher) and z (red) of the four
carbon atoms shown in Figure 3-23 during the MD simulation. The origin of the cartesian
coordinates is Al atom shown in Figure 3-23. The plots of (a-d) empty, (e-h) H,O-solvated and
(i-1) BQ-solvated phases are shown. Note: The frequent change of the sing for z coordinate,
which corresponds to the one-dimensional pore direction of MIL-53, is attributed to the crossing

of the boundary of the model cell under the periodic boundary condition.

Table 3-6. Standard deviations of change of the distances between Al atom in the MIL-53 and the
four C atoms in DAT shown in Figure 3-23 for three investigated empty, H>O-solvated, and BQ-

solvated phases.

Phase Al-C1/A Al-C2/A AI-C3/A Al-C4/A
Desolvated 2.8 2.8 29 2.8
H>O-solvated 15 15 2.3 2.3
BQ-solvated 0.7 0.8 0.9 0.7
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In the empty sample, the distances of all directions changed drastically, indicating the presence
of both rotational and translational motions. In the case of MIL-535[DAT + H,O], the
displacement in the z (pore) direction was observed, while only fluctuated movements in the x
and y directions were observed, which means translational motion in the pore direction is
dominant. Importantly, judging from the standard deviation shown in Table 3-6, much less
displacements were observed for MIL-535[DAT + BQ], which showed the longest 7>, implying
the DAT mobility is significantly suppressed in this system. These results support that the DAT
motions can contribute to spin relaxation processes.

As mentioned previously, The DAT triplet has anisotropic zero-field splitting (ZFS) parameters,
D and E, which can be altered by the change of molecular orientation by rotational motions. In
addition, since u-OH groups bridging aluminum metals were not deuterated, the hyperfine
interaction between the proton and DAT remained and could be modulated by the translational
motion of DAT. Therefore, the fluctuations of anisotropic ZFS parameters and hyperfine
interactions based on the molecular motion of DAT would cause the spin—spin relaxation.”’

Note that the 7> of D-MIL-535[DAT + H>O] was comparable to the empty sample, while the
result of MD simulation implies D-MIL-535[DAT + H>O] has less motion than the empty sample.
The possible reason is difference in the dynamics of the AI-OH groups. The root mean square
fluctuation (RMSF) value of the OH groups, which indicate how much the OH is dynamic, was
found to be larger in MIL-535[DAT + H,O] (Figure 3-25). This intense motion may bring
additional relaxation sources to the D-MIL-535[DAT + H,O] system.

Although the mobility changes in DAT can affect the linewidths of the EPR spectra, almost no
change as observed in these systems.?® Even for the empty sample, which is considered to have
the highest mobility of DAT in the present systems, the spectral shape is completely anisotropic
and solid-like. This is consistent with the MD simulation result (Figure 3-24) that the timescale
of the rotation is around tens of nanoseconds. Thus, even under empty situation, the rotational
motions of DAT are sufficiently slower than EPR timescale (~ 100 ps) and might bring no notable

changes.
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Avg. RMSF: 0.020 nm Avg. RMSF: 0.016 nm
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Figure 3-25. The four x-OH groups that are close to the DAT molecule shown in the black
dashed line in the (a) empty, (b) H,O-solvated and (c) BQ-solvated phases and used to evaluate
the root mean square deviation (RMSD) and root mean square fluctuation (RMSF), which are

shown in (d), (e), and (f), respectively.
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To support the idea that DAT dynamics can be a main factor determining 7>, 7> was measured
at lower temperatures in the empty, guest-free state (D-MIL-5325DAT) (Figure 3-26). The 75 of
the DAT triplet, which is 0.1 ps at room temperature, is longer at 100 and 50 K at 1.0 and 2.8 ps,
respectively. Conversely, in p-terphenyl, which is a solid and dense crystal, the DAT triplet shows
a long T» of 2.4 ps, even at room temperature. These results also indicate that the dynamics of

DAT is important for spin—spin relaxation process.

D-MIL-53 D DAT (empty)

at RT
T, 0.10 ps

at 100 K
T7,1.0 ys

i at 50 K

Normalized echo intensity (a.u.)

& DAT in p-terphenyl
3 T,2.4 ps

27 (us)

Figure 3-26. Spin echo decay curves after pulsed photoexcitation at 532 nm for the empty

sample (D-MIL-535DAT) at room temperature, 100 K, and 50 K (top to bottom), and for DAT
doped in p-terphenyl crystal at room temperature. Decay curves of each sample at the magnetic
field corresponding to the higher and lower EPR peaks (Figure 3-14a) are shown at the top and

bottom, respectively.

107



Chapter 3

3-4. Conclusion

In this chapter, the response of quantum coherence to diverse molecules was demonstrated by
hybridizing triplet qubits in flexible MOFs. The photoexcited triplet, which is initializable at room
temperature and exhibits a long coherence time (7>), was used as qubits, and the MOF, which can
flexibly change its structure upon adsorption of various analyte molecules, was used to make the
qubits responsive. This proof-of-concept result will stimulate the development of many hybrid
quantum sensors using various combinations of MOFs and qubits in the future. The triplet-MOF
complex will provide an ultra-sensitive and highly selective quantum sensing platform that will

have impact in a wide range of fields such as analytical chemistry, life sciences, and medicine.
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Chapter 4. Room-temperature quantum coherence of high-spin

quintet state generated by singlet fission

4-1. Introduction

Quantum information science (QIS) utilizes the principles of quantum mechanics for various
applications such as quantum computing,'? quantum communication,™ and quantum sensing.>”
The most basic information unit in QIS is a quantum bit (qubit). Among various types of qubit,
those using molecular materials generally have the following advantages: the ability to precisely
create a specific qubit structure, the ability to control qubit properties by changing the chemical

structure, and the scalability to integrate many qubits.*'°

12 or quintet state (S =

Higher spin systems of molecules, such as the quartet state (S = 3/2)
2),*1 are advantageous in quantum spin manipulation because they are composed of multiple
spins (i.e., two-qubit operations), such as the CNOT gate, and can generate quantum entanglement,
which is a type of correlation between qubits.'” The sensitivity of quantum sensing can be
improved by exploiting quantum entanglement; for example, N-entangled qubit systems can
enhance the sensitivity by a factor of VN in a Ramsey relaxometry protocol.® One of the
photophysical processes that can create a multiplet state is singlet fission (SF)."*'° SF is a process
in which two triplet excitons (T) are generated from one photoexcited singlet (S1) and has been
studied mainly in the energy field to improve the efficiency of solar cells.'®?° This process
produces a quintet triplet pair state *TT consisting of four spins as an intermediate. In addition,
by using the reverse process of SF, triplet-triplet annihilation,*' the information in the quintet state
can be optically detected as delayed fluorescence from the S; state.

However, only a few cases of *TT quantum coherence have been observed so far, and these
cases are limited to cryogenic temperatures.” ' '*'* Most of the reported examples are based on
molecular crystals of tetracene derivatives, where the two triplet excitons move apart, weakening
the exchange interaction JJ and causing mixing between 'TT and *TT, and then the triplets come
close to each other again, producing a strongly exchange-coupled *TT. In this mechanism, delicate
control of molecular packing is required to make the interaction between chromophores strong
enough to cause SF but weak enough to suppress the triplet diffusion.'* Especially at room
temperature, the triplet diffusion is so pronounced that the *TT pairs quickly dissociate to form

non-correlated T+T states, and no coherence can be observed.?
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Another mechanism for SF-based *TT generation is the modulation of exchange interactions
between chromophores by molecular motion, causing the conversion of 'TT to *TT.***" Such a
conformational change has been observed in intramolecular SF systems consisting of discrete
molecules of covalently linked acene units dispersed in a low-temperature glass matrix, and may
also occur in acene dimers doped in molecular crystals.?>** However, while molecular motion is
necessary for the generation of °TT, decoherence may be induced by fluctuations in the zero-field
splitting interaction.”® In other words, it remains unclear what kind of molecular motion can
simultaneously achieve efficient TT generation and noise-suppressed qubits.

Chapter 4 describes how to generate a room-temperature quantum coherence of °TT
multiexcitons preventing the decoherence. MOFs are useful materials for the delicate control of
chromophore motion.'® By integrating chromophores into the ligand, the distance and angle
between chromophores can be precisely regulated in MOFs.?’?’ Unlike dense molecular crystals,
MOFs have nanoscale voids in the crystals, which allow the chromophores to move, and this
movement can be controlled by the topology of the network and the local molecular density
around the chromophores.

As a proof-of-concept, a UiO-type™ pentacene-based MOF (Pn-MOF) was synthesized by
combining diamagnetic Zr ions with a dicarboxylate ligand containing pentacene,’'** which is
the most representative chromophore exhibiting exothermic SF. The non-interpenetrated UiO-
type structure can prevent n-stacking between pentacene planes, which gives the pentacene units
enough motion to make the conversion from 'TT to *TT (Figure 4-1).

The dense integration in the Pn-MOF makes the pentacene motion sufficiently suppressive that
the quantum coherence of *TT generated by microwave irradiation was observed for over hundred
nanoseconds even at room temperature. Furthermore, the phase and amplitude of quantum beating
can be dependent on the molecular motion. The decay of the echo signal from the quintet observed
by pulsed electron paramagnetic resonance (EPR) was considerably longer than the decay of the
quintet-derived signal in continuous-wave time-resolved electron paramagnetic resonance (CW-
TREPR) measurements, suggesting that two components with different degree of order exist and
the highly crystalline domains present as minor components in the disordered MOF structure
exhibit the long quantum coherence. These results reveal how molecular motions should be

designed to achieve quantum coherence of multilevel distinct quantum systems, referred to as
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qudits, even at room temperature. This provides a fundamental guideline for the future

development of molecular-based QIS.

(@) singlets, Singlet multiexciton 'TT Quintet multiexciton 5TT

Singlet
fission

Quantum
H— ey coherence :
Spin :

\, gonverston H motion

/

T,

TT, conformation TT, conformation
(smaller exchange coupling) (larger exchange coupling)

Figure 4-1. Schematic image of Quintet multiexciton generation and its quantum coherence in a
MOF. (a) Singlet fission (SF) followed by spin evolution via modulation of exchange interactions
results in the formation of quintet multiexciton *TT in a MOF. (b) Suppressed chromophore
motion in a MOF enables not only the spin conversion from 'TT to *TT but also the quantum

coherence of °TT over hundred nanoseconds even at room temperature.
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4-2. Experimental section

4-2-1. Materials

All reagents were used as received unless otherwise noted. Dry tetrahydrofuran (THF) was
prepared by treating with Molecular Sieves 4A 1/8, Wako. Liquid paraffin, n-butyl

lithium in hexane, and zirconium tetrachloride (ZrCls) were purchased from Sigma-Aldrich. p-
toluene sulfonic acid, tin(Il) chloride dihydrate (SnCl,-2H»0), sodium chlorite (NaClQ,), sodium
dihydrogen phosphate (NaH,POs), and acetic acid were purchased from FUJIFILM Wako Pure
Chemical. 4-Bromobenzaldehyde, ethylene glycol, 6,13-pentacenedione, and 2-methyl-2-butene

were purchased from TCI.

4-2-2. Characterizations

'H-NMR (400 MHz) spectra were recorded on a JEOL INM-ECZ400 spectrometer using TMS
as the internal standard. Elemental analysis was carried out using a Yanaco CHN Corder MT-5 at
the Elemental Analysis Center, Kyushu University. Powder X-ray diffraction (PXRD) patterns
were measured on a Bruker D2 Phaser (Cu-Ka, 30 kV, 10 mA). For making the simulated structure
and corresponding simulated PXRD pattern, Materials Studio software was used (Accelrys,
Material Studio Release Notes, Release 4.2, Accelrys Software, San Diego 2006). The geometry
and unit cell were optimized by Materials Studio Forcite tool.>* Scanning electron microscopy
(SEM) image was collected by a Hitachi SU8000 with accelerating voltage of 2.3 kV.
Thermogravimetric analysis was conducted on a Rigaku Thermo Plus EVO2 under N>. N»
adsorption isotherm measurements were carried out on a Bel BELSORP-max. UV—Vis absorption
spectra were obtained on a JASCO V-670 spectrophotometer. FT-IR spectra were recorded on a

SHIMADZU IRTracer-100 with a Smiths DuraSamplIR II ATR device.
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4-2-3. TAS measurements

The femtosecond transient absorption spectroscopy (fs-TAS) and nanosecond transient
absorption spectroscopy (ns-TAS) experiments were performed using home-built pump-probe
setups. A Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Ace) was utilized as the
light source, (pulse duration: 120 fs, repetition rate: 1kHz, pulse energy: 4 ml/pulse, central
wavelength: 800 nm), seeded by a Ti:sapphire femtosecond mode-locked oscillator (Spectra-
Physics, Tsunami) with a pulse duration of 120 fs, a repetition rate of 80 MHz, and a pulse energy
of 10 nJ/pulse. For fs-TAS, one of the outputs from the amplifier was directed towards an optical
parametric amplifier (Light Conversion, TOPAS), where the output wavelength was tuned to
600 nm for use as the pump pulse. The other output was focused on a sapphire crystal (3 mm
thickness), generating white light in the 450-750 nm range for use as the probe pulse. For ns-TAS,
output pulses from an optical parametric oscillator (Light Conversion, NT242, central
wavelength: 600 nm, pulse duration: 3 ns) using the THG of a Nd:YAG laser as the excitation
pulse. was utilized as a pump pulse. The magic angle (~54.7°) was adopted between the pump
and probe polarizations. The probe pulse that passed through the sample was dispersed by a
polychromator (JASCO, CT-10, 300 grooves/500 nm) and detected by a multichannel detection
system with a CMOS sensor (UNISOKU, USP-PSMM-NP). The Pn-MOF sample was enclosed
between quartz glass plates under an inert gas atmosphere. The TAS measurements were

conducted in a semi-transparent position on the Pn-MOF sample.
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4-2-4. Time-resolved EPR measurements and pulsed EPR measurements
Time-resolved EPR measurements were carried out at room temperature using an X-band
(9.682 GHz in the CWEPR and 9.589 GHz in the pulsed EPR) CW/FT EPR spectrometer
(ELEXSYS II E580) with a dielectric resonator employing a quadrature detection. Samples were
photoexcited by the second harmonics (532 nm) of a Nd:YAG laser (Continuum, Minilite II,
fwhm ~5 ns). A laser depolarizer (SIGMA KOKI, DEQ 1N) was placed between the laser exit
and the microwave cavity. Repetition rate and pulse energy were 10 Hz, and 1 ml/pulse,
respectively. The CW-TREPR spectra were obtained by employing a transient mode in the Bruker
Elexsys spectrometer with a microwave power of 4.7 mW. The TREPR signals were directly
amplified by a video amplifier using a control program (Xepr) for a digitizer of Speclet-II. The
TREPR data were smoothed for denoising by using a binomial weighted moving average to time-
course with a window of 300 ns for the spectra and the 2D plot. The spin echo measurements in
Figure 4-25 were performed by using PatternJet-I1I controlled by the Xepr program. Pulse
sequence of the Hahn echo detection (laser—Taclay—/2—Techo—T—Techo—echo) was employed in the
pulse-EPR measurements. The power of microwave pulse was set to maximize the intensity of
the spin echo signal of oxidized pentacene species observed in the absence of the laser irradiations
following the CWTREPR measurement. In this the pulse durations were x = 16 ns and #, = 32 ns,
respectively. The echo detected field sweep measurements of the triplet pairs were performed by
using Tdelay = 1.1 PS, Techo = 200 ns, x = 8 ns and £ = 16 ns, and the magnetic field was varied.
Transient nutation measurements were performed by varying x from 0 to 400 ns.
Pn-MOF was put into 2 mm capillaries, with or without paraffin. The capillaries were degassed

at room temperature with an oil pump and sealed with a flame.
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4-2-5. Computational simulations of EPR
4-2-5-1. Time-resolved EPR

Time-development of the singlet, triplet, and quintet characters for the different exciton-pair
conformations together with the J values were calculated by using coupled stochastic-Liouville
equations.®® Details of the applied parameters for the multiexciton conformations, the kinetics are
listed in Table 4-3, 4-4 and 4-5 to compute the CW-TREPR data and the pulsed EPR data,
respectively. The singlet, triplet and quintet diagonal terms in density matrix elements were used

to obtain delay time dependences of the excitons of pldt, pdf?, PrTnEnsa PrTnTS%nsa P’ Pss s

prtT and p;l:;rns where m (= +1, 0, -1) represents the quantum number of the triplet sublevels.
From Figure 4-16a, the following relations were used: *TT1 = Y. pmamg> TT2 = Zng Pmaans»
TiSo = S R, ' TTi = pJIL T = pII2 SCTP = pIf™ + T it + Tomg Pt >
From the spin-correlated triplet pair model, coupled stochastic-Liouville equation can be
described in 3(TT)ms - *(TT)m -}(TT) three-level systems where ms = +2, +1, 0, -1, -2, and m = +1,
0, —1, assuming that the quintet-triplet and the singlet-triplet interconversions are ignored in the
strongly coupled TT states. The quintet-triplet-singlet (Q-T-S) mixings are considered in the T+T
states. In the strongly coupled TT, 3(TT)ms -*(TT) two level system is considered for the quintet
generation. For ms = +1, 3(TT)nwith m = +1 participate in the Q-T-S mixings, respectively, as the
three-level systems in the T+T. For ms = 0, 3(TT)o - 3(TT)o -}(TT) mixing may occur in the T+T.
This is because 3(TT)o, *(TT)o and }(TT) diabatic levels are very close each other for the small

exchange coupling in the presence of the strong external magnetic field. The following relations

are thus obtained, based upon a previous report:®

TT1
. . 0
PrT1 = 1L [( %ms ETT1>'pTT1] —kiz2ptr1 + k21P1T2 — KDISSPTT1
S
/ 0 kREcpailss\
|k TT1 2 + kBackPT+T (4.1)
RECpSQms TT1
— krecPss
HTTZ HTTZ
M . Qmsts Q S
P2 =~ [( T2 H;nTSZ >'pTT2] + ki2p1m1 — K21P7TT2 (4.2)
SQms SS
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T+T T+T T+T
HoumsQms  HamsTi Hamss
. . T+T T+T T+T
Pr+T = 1 HTQOS HT,:Tm TmQms | PT+T| T kpissPTT1 — KBackPT+T
T+T T+T T+T
HsQus ~ HQmsty  Hss
T+T T+T
2 2
T+T T+T
KTPT, Qo T+T (ks + kr)pr, s (4.3)
5 krpr, T — .
2 mim 2
T+T T+T
kspsq,, (ks +kr)pst,, T+T
2 2 kspss

where superscripts in the density matrices represent the strongly-coupled TT; with large Ji, the
thermally activated TT, with the intermediate coupling of J, ~ -10 GHz, and the de-coupled T+T
site, respectively. Eqms and Esare the eigenenergies in TTi. In the subscripts, °(TT)ms = Qms, and
Y(TT) = S are attributable. Homs oms, Homss, Hsoms and Hss are respective diagonal and off-diagonal
terms of the spin Hamiltonians (Hyr,, and Hp,1) on the basis spin system of >(TT)ms and *(TT)
in the TT; state. kq» and ko1 are site exchange rate constants determined by the vibration frequency
(Vyip) between TTy and TT, sites with ki2 = ko1eXp(-AE12/ksT). Kpiss and Kgack represent the T+T
dissociation rate, and the back-reaction rate from the T+T state to the TT; state, respectively. kr
and ks represent recombination rates from the T+T states via the singlet and triplet characters,
respectively. kr = ks= 10° s~! was assumed in the present calculations. The density matrices are

thus represented, as follows.

p;:liTlQ paTls
mﬂ=< e i {E) (4.4)

PSQums Pss

p;:liTZQ paTZS
mm=<ﬁfsv$> (4.5)

PSQms Pss

T+T T+T T+T
PQinsQms  PQnsTm  PQmsS

Pt =| PTG, PEit,  PTLS (4.6)

T+T T+T T+T
PSQns Pst,, Pss

Coupled time-differential equations in the 12 (for ms = £2 with S) or 17 (for ms = 1 or 0 with
m =1 or with m = 0) elements in equation (4.15)-(4.17) are described by regenerating a p vector

composed of these elements. Then, the following master equation is obtained:

p
— =1p (4.7)

; ; ; - TT1 -
where L is summarized in Table 4-1 and 4-2. In these tables, poq1 = PQ,, Qm Past =
TT1 - TT1 - TT1 - TT2 - TT2 - TT2

PQmgs + PSQ1 = PSQumgr Psst = Pss  PQQ2 = PQumgQmg’ PRS2 = PQmgs 1 PSQ2 = PSQuyg

- TT2 — T+T — T+T — T+T -

Pss2 = Pss v PQQ(T+T) ~ pQ;SQmSa PQT(T+T) = PQ;STm, PQs(T+T) = PQ;SS 1 PTQ(T+T) =
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T+T — _T+T _ _T+T — _T+T — T+T
PT,:QmS, PTT(T+T) ~ PT,:Tm, PTs(T+T) — pT;S’ PsQ(T+T) ~ Ps&msy PsT(T+T) — Ps;m '

Pss(T+T) = Pas | are attributable in equation (4.4)-(4.6).

From equation (4.6), the nine adiabatic-state populations (o"*T;}) where i = 1, 2, ---, 9 in the
dissociated multiexciton is obtained from the diagonal terms of p1*J = U4, :p™ TUr 1 in the
SCTP eigenstates calculated by the eigenvectors Ur,t obtained by diagonalizing the spin
Hamiltonian of Hy,t, where,

T+T 0 T+T T+T T+T

g P Quns Qs PQumsTs  PQumsTo szf,;T_ PQms S
e |0 PG O e, O 0 PTLS
Pl e, 0 0 AR 0 el | 49
0 prign, O 0 0 pi*t Pl
T+T T+T T+T T+T st—pggT
PSQums Pst,, Psrt, Pst_,; 5

Using the SCTP model, the TREPR spectra (SP) are calculated as follows:

mT T
s = —imag [ [ sin6 a8 dp Y 01y s + Tlns 1) + D PIT+ Y SRS (49)
00 ms

ik m=1,0

where 6 and ¢ are the polar and azimuth angles of the external magnetic field applied with respect

to the principal axis system in the Ta triplet in the zero-field splitting interaction and,

TT1
pms,ms—l
TT2

pms,ms—l
—(—a) 4 pIT1 _ gTT1 )+i I +L ik
0 Qmg Qmg-1 12 Taq 21
, ) 1
_lklz - (_0)0 + Eg;l;lzs - Eg;l;lzs_l) + l (kz]_ + —
P h — 1T gt
X < TTsz ) 7;1Tsz e >{S(S +1)— mg(ms — 1)} (4.10)
pmsms - pms—l,ms—l
with
T+T _  T+T
; 1o iz @lpi™" = pe T
imag(pli™) = (iISIK) T o s e (4.11)
i 2
and
20 (pTiS0 — ,T1S0
imag(pmm-1) = 1P ~ Pt )1 (4.12)

1+ (&g — &m-1 — (‘)O)ZTZZ
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Equation (4.12) represents the EPR line shape in the T1So pair state generated by the triplet-
triplet annihilation process via the strongly coupled *TT states. Thus, the population dynamics of
P = Kpack P11, is incorporated in equation (4.7) and pyim® = pyrs is substituted to
equation (4.12) to obtain the isolated triplet product caused by the triplet-triplet annihilation.

In equation (4.11), (i|§y|k)2, g and g, are obtained from the eigenvectors Ur,.t and the
eigenvalues by diagonalizing the spin Hamiltonian of Hr,1 to determine the eigenstates of |i) =
X7 ¢ ITT);.

In the zero-field splitting interaction of Hrrzrs (= S1D1S1 + §2D,8>), S is the i-th triplet spin
operator (i = 1 and 2 for A and B moieties, respectively in the TaTg multiexciton), and D;
represents the ZFS tensor of the individual triplet. The matrix of the Hrrzrs tensor is dependent
on the orientation of the principal axes in the D, tensor (X2, Y2, Z») with respect to the principal
axes in D tensor (X1, Y1, Z1), the geometries of the second pentacene groups were generated by
using Euler rotation angles (a, £, ») with respect to the principal axes in D; as in equation (1.39)-
(1.41)

Direction for the second triplet-state position in TT was set by the polar angles (6 and ¢) with
respect the (X1, Y1, Z) principal axes. The direction of the external magnetic field (By) was set
by the polar angles (6, ¢). Thus, cos® 6 where b is the angle between By and the inter-spin vector
as the principal axis in Hrrs= Dss (cos*6b—1/3)(381282z — 8152 is defined for each By direction,

as reported previously.
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Table 4-1. Matrix elements of L in dp/dt = Lp described in the basis spin system of

Hr utilized for ms = +2 mixed with singlet states.?

_k12

k21 kBack
_kDISS
—k12—Kpiss—
Krec/2—i( ka1 Kgack
TT1_pTT1
EQueEs )
—k12—Kpiss—
Krec/2-+i( Ka1 Kgack
Eg:l;l_Eél“Tl)
_k12
_kDISS_ k21 kBack
kREC
K1z k1 iH3gZ, —iHg s
i TT2 f
k12 iHTTZ _I(HQmsts -1
O ® | )k Hgpes
f g TT2
Kz - I(HQmsts_ iHSTTz
H;‘gi HSTSTz)_k21 Qms
k12 —iHgg2 iHQ™ o
Kpiss - Keack iH;ra—y:s _ngr::S
(G Qms i
STHT T+T B
Kpiss iH 's | —Hgs ")ks HIAT ¢
ms
/2— kBack
g THT
y ICH Qg Qums™
T+T i T+T
Kpiss HI:T Hgsd M- 1Hsq,
Qms ks/2— kBack
K _jgT+T igT+T ks
piss SQums Qs S Ko
a)

The basis set was obtained by diagonalizing the spin Hamiltonian of Hppy. The matrix

identified by the bold frame is replaced by Table 4-2 for ms = +1 and ms = 0 coupled with m =

+1 and m = 0, respectively.
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Table 4-2. Matrix elements of L in dp/dt = Lp described for the T+T states when ms = +1 (ms
= 0) are mixed with m = 1 (m = 0), respectively, together with the singlet T+T state. Qand T
denote Qg and T,, of the T+T multiexciton, respectively.

T+T QQ QT QS TQ TT TS SQ ST SS
QQ 'kBack iHTQ iHsQ -iHQT -iHQS
-i(Hoq — Hr1)
— Kgack -k1/2
-i(Hoo -Hss) -
QS iHQs iHTs 'iHQT 'iHQS
kBack'kS/2
-i(Hrr -Hoo) -
Kaack-k7/2
-i(Hr - Hss) -
TS 'iHTQ iHQs iHrs -iHts
Keack-kT/2-Ks/2
-i(Hss -Hqg) -
SQ -iHsQ -iHsT iHTQ iHsQ
kBack'kS/2
-i(Hss -Hrr) -
ST -iHsQ -iHsT iHQT iHst
Keack-k/2-Ks/2
SS 'iHsQ -iHsT iHQs iHts -Kgack-Ks
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4-2-5-2. Pulsed EPR

The nutation profiles and the echo-detected field swept spectrum of the triplet pair are computed
from the expectation values of the transverse magnetization of <S,> in the quintet wavefunctions
based upon the report by Gierer et al.*® on the radical pairs. After the pulse durations of x (s) and
t (s) in the first and second pulses, respectively in Figure 4-25a, <Sy(7uclay, X)> 1s represented for

a specific field direction, as follows:

2
w
(Sy (Tdelay’ x)) = Z Ims,ms+1(7delay) <w’£> sin{w’msx} cos{w’mstz}
— ms
mg=—2,—1,0,+1

X 1 [ wmg 2
X exp _E 1_E<w’m5> (4.15)

Img,m5+1 (Tdelay) = pjnrl;,lrns+1(Tdelay) + pjnZ?ms+1(Tdelay) (4-16)

with

where

[pr'lr‘lg,lm5+1 (Tdelay)

pr'lr‘lg,zm5+1 (Tdelay)

-1
1
TT1 TT1 : ,
(-(1)0 - EQms + EQms+1) —1 <k12 + a) lk21
B 1
: TT2 TT2 :
lklz (—0)0 - EQms + EQmS+1) -1 <k21 + E)
_p;l'l;}ns (Tdelay) + p11;11;%|-1,m5+1(rdelay) (_ ‘L'delay) (4 17)
—pTT2, (7 ) + pIT2 (¢ ) 7 .
msmg\Tdelay Pmg+1,mg+1\Tdelay
and
2
! = 2 _ _ pTT1,2 TT1,2
@ g = J Oms? + (—wq Egr? + EQms+1) (4.18)

where w, is the angular frequency of the microwave.

Equation (4.15) and (4.16) represent y-magnetization responses by the first and second
microwaves with an angular frequency of w, in the quintet states those of which are in
equilibrium between TT; and TT, states, as detailed in the previous studies in dimer systems.

Method to compute the sublevel populations [prh, (Taeiay) and pr, (Taeiay )] after the SF
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and sublevel energies (E(fnlS and E&Tnzs ) in the presence of the external magnetic field are detailed
in the previous reports. *** Top= 150 ns and T; = 3.8 ps are employed as the decoherence time
and the spin—lattice relaxation time in equation (4.15) and (4.17), respectively. k12 and k) represent
rate constants of the conformational changes between TT; and TT>. It is noted that such quick

conformation changes themselves do not induce the decoherences in p,Tnl;}ns ,, and

p},?é%ns ., because the nutation frequency of the quintet EPR transitions in equation (4.18) is not

altered by the exchange process with k1> and k. The echo signals are thus obtained as follows:
T T
Echo(rdelay,x) = —f f imag(Sy(Tdelay,x)) sinf do d¢ (4.19)
o Jo

where fand ¢ are the polar and azimuth angles of the external magnetic field applied with respect
to the principal axis system in the T triplet in the zero-field splitting interaction (Figure 4-30). In
equation (4.15), the off-resonance effect described in the parentheses is ignored because of the
significantly reduced y-magnetization response when T»q = 100 ns is applied at the off-resonance
in equation (4.3). This may correspond to the sharp angle selectivity of the quantum gate (Figure
4-30) at the specific field position of By = 348.1 mT for the sharp resonance polarization in Figure
4-25¢. However, minor off-resonance effects are included in the nutation components of 31 and
25 MHz in Figure 4-26¢ considering that the nutation frequency of the radical is 12 MHz in Figure
4-27Db, because 31 and 25 MHz in Figure 4-26¢ are slightly higher than v/6 x12 (= 29) and 2x12
(= 24) MHz, respectively.

The red spectrum in Figure 4-25c shows the computed echo signal of equation (4.15) at zuclay =
1.1 ps with substituting x = 5 ns and #, = 13 ns as a function of the external magnetic field Bo. For
the nutation profiles in Figure 4-26a and 4-26b, equation (4.15) is plotted as a function of x for
Telay = 1.1 ps at Bo = 348.1 mT applying £ = 16 ns. For the delay time dependence of the echo
signal (Figure 4-26d), the echo signal of equation (4.15) is plotted as a function of 7.y at the
field position of 352 mT. The initial response function of equation (4.16) to all the field directions
was also mapped to visualize angle selectivity of the y-magnetization for all the four quantum

gates. (Figure 4-30)
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4-2-6. THz spectroscopy measurements

Terahertz (THz) spectra of MOF were measured by THz-TDS spectrometer (Advantest
TAS7400) in a transmission setup. The frequency resolution of the spectra obtained by the system
was 7.6 GHz. The number of accumulations was 1024 at room temperature. MOF in paraffin was

measured with polyethylene (PE) cell, and solid MOF samples were measured without PE cell.

3-2-7. Synthesis of PDBA

PDBA was prepared according to our previously reported method.*’

I eese

n-BulLi in hexane

OH
HO ™\ S0H

S

Toluene THF
Br Br

2-methyl-2-butene
NaC'Oz, NaH2P04

OOOOO 2000®
THF/HZO

HO™ ~O
3 PDBA

Figure 4-2. Synthetic route of PDBA (4,4’-(pentacene-6,13-diyl)dibenzoic acid).
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3-2-7-1. Synthesis of 2-(4-bromophenyl)-1,3-dioxolane (2)

60 mL of a toluene solution of 4-Bromobenzaldehyde (5.0 g, 27 mmol), ethylene glycol (4.3 g,
54 mmol) and p-toluene sulfonic acid (0.17 g, 0.90 mmol) was refluxed with a Dean-Stark trap
for 8 h. The solution was neutralized with 50 mL K>COs aqueous solution, then extracted with
ethyl acetate (3x50 mL). The organic layer was dehydrated by Na;SOg, filtrated and dried under
reduced pressure. The orange crude oil was purified using silica gel column chromatography
(chloroform/hexane = 1/1), giving a compound 2 as yellow oil. Yield: 5.24 g (85 %). '"H-NMR
(400 MHz, DMSO-ds, TMS): 6 =7.57-7.64 (d, 2H), 7.35-7.45 (d, 2H), 5.73 (s, 1H), 3.90-4.08 (m,
4H).

1
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1.00f
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1.0

b, 1H
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a, 4H
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.‘Jl ll 1 J M i ,,Jllr . B J\

abundance

]
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Figure 4-3. "H NMR spectrum (9.4 T, DMSO-d;) of 2-(4-bromophenyl)-1,3-dioxolane.
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3-2-7-2. Synthesis of 4,4’-(pentacene-6,13-diyl)dibenzaldehyde (3)

n-Butyl lithium in hexane (2.5 M, 6.0 mL, 15 mmol) was dropped to a solution of 2 (3 g, 13.1
mmol) in dry THF (120 mL) at -78 °C under N, atmosphere. A 20 mL THF solution of 6,13-
pentacenedione (1.24 g, 4.0 mmol) was added after stirring for 1 h at -78 °C. The reaction was
warmed to room temperature and stirred for 24 h. A saturated aqueous NH4C1 (150 mL) was added
to quench the reaction. The mixture was filtered and dried under vacuum. The dark-red oil-like
crude was dissolved in 30 mL THF, and added SnCl,-2H,O (4.2 g, 22 mmol) and 9 mL conc. HCL
To avoid the light exposure, the reaction mixture was covered by an aluminum foil and stirred at
room temperature for 24 h. The resulting solution was added 150 mL H»O and extracted with
chloroform (3x100 mL). The organic layer was dehydrated by Na,SOs, filtrated, and dried under
vacuum. Silica gel column chromatography (chloroform/hexane =1 : 1) gave 3 as a dark purple
powder. Yield: 1.61 g (82 %). 'H-NMR (400 MHz, DMSO-ds, TMS): & = 10.32 (s, 2H), 8.32 (t,
4H), 8.25(s, 4H), 7.90-7.95 (d, 4H), 7.84-7.88 (m, 4H), 7.31-7.35 (m, 4H).
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Figure 4-4. "H NMR spectrum (9.4 T, DMSO-ds) of 4,4’~(pentacene-6,13-diyl)dibenzaldehyde.
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3-2-7-3. Synthesis of 4,4’-(pentacene-6,13-diyl)dibenzoic acid (PDBA)

3 (1.61 g, 3.31 mmol) and 2-methyl-2-butene (35 mL, 331 mmol) were dissolved in THF (200
mL) at 0 °C under Ar atmosphere. NaClO, (1.2 g, 13.2 mmol) and NaH,PO4 (2.50 g, 20.9 mmol)
in H>O (40 mL) was added to the suspension and stirred for 3 h. The reaction was slowly warmed
to room temperature and stirred for 24 h under dark. After removing THF under reduced pressure,
the residue was diluted with water and washed with chloroform and methanol, giving compound
PDBA as a dark purple powder. Yield: 1.05 g (65 %) 'H-NMR (400 MHz, DMSO-ds, TMS): & =
8.32-8.37 (d, 4H), 8.25 (s, 4H), 7.85-7.88 (q, 4H), 7.78-7.82 (d, 4H). MS (MALDI-TOF-MS):
m/z [M+] calculated C3sH2204, 518.57; found 518.33. Elemental analysis for Cs3sH2,04-2H,0:
calculated (%) H 4.73, C 77.97, N 0.00; found (%) H 4.92, C 77.90, N 0.13.
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Figure 4-5. "H NMR spectrum (9.4 T, DMSO-ds) of PDBA.

131



Chapter 4

3-2-8. Synthesis of Pn-MOF

ZrCls (9 mg, 0.0385 mmol) and acetic acid (220 pL, 3.85 mmol) in 2.26 mL of DMF were
ultrasonically dissolved in a 6 mL screw vial. After stirring for 6 h at room temperature, PDBA
(20 mg, 0.0385 mmol) was added, and the mixture was ultrasonicated again. The obtained purple
solution was degassed by freeze-pump-thaw for 2 times in a 10 mL ampule and flame-sealed
under vacuum. The degassed sample was wrapped with aluminum foil to minimize light exposure
and kept in an oven at 403 K for 48 h. The mixture was cooled to room temperature over 72 h,
filtered and soaked in methanol for 12 h. After removing the solvent by filtration and drying for

5 hat 323 K, dark green powder was obtained.

0. _OCH

O 1. Freeze-pump-thaw

2.130°C,72h

70+ mogumon + (LI
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HO™ ~O

v

PDBA

Figure 4-6. Synthetic scheme of Pn-MOF.
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4-3. Results and discussion
4-3-1. Characterizations of Pn-MOF

Dicarboxylate-containing pentacene, PDBA was employed as a ligand to insert pentacenes into
a MOF structure.””® The energy levels of excited states of PDBA were estimated from time-
dependent density functional theory (TD-DFT) calculations. B3LYP/6-31G (d,p) and wB97X/6-
31G (d,p) were used from the ground state optimization and excited state calculations,
respectively. It was confirmed that PDBA has the similar S; (2.34 eV) and T, (0.93 eV) energy
levels compared with those of pentacene (Si: 2.45 eV, Ti: 0.89 eV),*” and exothermic SF is
expected to occur for PDBA as well. Pn-MOF with pentacene integrated in a UiO-type structure
was synthesized by a hydrothermal method using ZrCls and PDBA in the presence of acetic acid
as the modulator in deaerated DMF at 403 K. The coordination of the carboxylic acid of PDBA
to the Zr-based cluster was confirmed by the shift to lower wavenumber of the peak originating
from carbonyl stretching from 1685 cm™ to 1595 cm™ (asymmetric) and 1540 cm™ (symmetric)

(Figure 4-7).%

——PDBA
—— Pn-MOF

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4-7. FT-IR spectra of PDBA (blue line) and Pn-MOF (red line) at room temperature.
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The structure of Pn-MOF was confirmed by powder X-ray diffraction (PXRD) measurements.
The peak positions of the experimental PXRD pattern of Pn-MOF matches well with those of the
simulated pattern (Figure 4-8). The simulated structure with UiO-68 type topology using PDBA
as a ligand is shown in Figure 4-9. The center-to-center distance between the nearest pentacene
moieties is 1 nm and the dihedral angle is 120 degrees. The distance between the nearest carbons
of the nearest pentacene pair is 0.35 nm, which is close enough for SF to occur. The distance
between the second nearest pentacene sites is 1.5 nm and the dihedral angle is 90 degrees. The
relatively broad PXRD peaks of Pn-MOF suggest that the structure is partially disordered.*!
Scanning electron microscopy (SEM) images of Pn-MOF showed a rounded morphology with a
grain size of approximately 50-100 nm (Figure 4-10), suggesting not high crystallinity of Pn-
MOF, consistent with the PXRD results.

Paraffin

Pn-MOF in paraffin
—Pn-MOF

—— Simulation of Pn-MOF

Intensity (a.u.)

L

|

10 20 30 40
20 (degree)

Figure 4-8. Simulated PXRD pattern of Pn-MOF (black line) and experimental PXRD patterns
of Pn-MOF (red line), Pn-MOF in paraffin (green line), and paraffin (blue line).
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Figure 4-9. (a) Simulated structure of Pn-MOF with UiO-68 type topology. (b) The nearest and

second nearest pentacene moieties in Pn-MOF.

Figure 4-10. SEM image of Pn-MOF.
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In Pn-MOF, pentacene moieties do not form n-stacking with each other, which is expected to
suppress immediate deactivation of triplet dimer by triplet-triplet annihilation (TTA) and to
fluctuate the exchange interaction by changing the dihedral angle between pentacene units. Such
moderate inter-pentacene interactions were also confirmed by UV-visible absorption
measurements (Figure 4-11). The 0-0 absorption peak of the n-n* transition of the pentacene
moiety was located at 602 nm in DMF solution of PDBA, while the absorption peak of Pn-MOF
showed a slight broadening and red-shift to 612 nm, indicating the presence of excitonic
interactions between the pentacene moieties. On the other hand, in the neat PDBA solid, the
absorption peak was located at a longer wavelength of 622 nm with more broadening. This
indicates that the interaction is properly modulated in Pn-MOF by preventing n-stacking between

pentacene moieties.

——PDBA in DMF
Pn-MOF

Pn-MOF in paraffin
Neat PDBA

Normalized absorbance (a.u.)

500 550 600 650 700 750
Wavelength (nm)

Figure 4-11. UV-vis absorption spectra of | mM PDBA in DMF (black line), Pn-MOF (red line),
neat PDBA solid (blue line), and Pn-MOF in paraffin (green line).
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From thermogravimetric analysis (TGA), it was found that Pn-MOF has high thermal stability
up to about 573 K and also adsorbs water from the air into its nanopores (Figure 4-12). The
existence of nanopores in Pn-MOF was also confirmed by nitrogen gas adsorption measurements
at 77 K after activation of Pn-MOF at 373 K under vacuum (Figure 4-13). The adsorption isotherm
of Pn-MOF showed a steep rise in the low-pressure region, which is typical for microporous
materials and classified as [UPAC type 1. Gradual rise was also observed in the high-pressure
region, implying the broad distribution of the pore sizes and the existence of defects. Once the
nanoporous structure of Pn-MOF was confirmed, Pn-MOF was soaked in paraffin. Paraffin is
non-volatile, useful for dispersing MOF solids, and is sometimes used for time-resolved transient
EPR measurements as an inert matrix. The PXRD pattern of activated Pn-MOF soaked in paraffin
retained the original peaks, indicating that the UiO-68 type topology was preserved (Figure 4-9).
The UV-Vis absorption peak shift of Pn-MOF was very small (612 nm to 615 nm) before and
after the paraffin soaking (Figure 4-11). Therefore, it is likely that paraffin in the MOF nanopores
does not have any strong interactions with chromophores, and inter-chromophore interactions

were not affected by the introduction of guest paraffin molecules.
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Figure 4-12. TGA curve of Pn-MOF under N atmosphere. The heating rate of the measurement

was 5 °C/min. Weight loss below 100 °C is attributed to the uptake of water from the air into the
pores of the Pn-MOF.
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Figure 4-13. Nitrogen adsorption isotherm of Pn-MOF at 77 K. The filled circle represents the

adsorption and open circle represents desorption, respectively.
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4-3-2. Singlet fission in Pn-MOF

To investigate the SF dynamics in Pn-MOF in paraffin, pump-probe type transient absorption
spectroscopy (TAS) was carried out in the 460-550 nm range (Figure 4-14), commonly employed
for tracking SF dynamics in pentacene-based systems. Upon excitation by an ultrashort pump
pulse at 600 nm, a broad transient absorption spectrum was observed around 450-500 nm,
typically attributed to the feature of S;-S, absorption of pentacene chromophore. The spectrum
subsequently transformed to a different shape with a peak at 530 nm within a hundred picoseconds
(Figure 4-14a and 4-14Db). Since the signal at 530 nm is indicative of T:-T, absorption of pentacene

chromophore,**

the ultrafast generation of the triplet pair state through SF was confirmed. It is
possible to assign the second component as the triplet-pair state with singlet multiplicity, 'TT,
because the spin multiplicity is conserved in the ultrafast timescale.

Global analysis was performed assuming a sequential model with two components to analyze
time constants and spectral features (Figure 4-14b and 4-14c¢). The first and second components
of the evolution-associated spectra (EAS) can reasonably be assigned from their shapes to the
spectra from S; and 'TT, respectively. The S; state was converted to the 'TT state with a time
constant of 16.8 + 0.1 ps, followed by negligible decay (>1 ns) in the current time window. The
time scale of transition was slower than the typical timescale of SF in pentacene crystal (~100 fs),
but still much quicker than the time scale of the typical intersystem crossing of pentacene in
solution (> 1 ns). The 'TT generation process likely outcompetes other photophysical processes
such as intersystem crossing in a single chromophore. This is consistent with successful fine
tuning of moderate intermolecular interaction required for efficient *TT generation.

Then the kinetics of the triplet pair state via nanosecond TAS in the Pn-MOF was investigated
(Figure 4-14d), which is crucial for QIS. Although the spectral shape was almost constant over
time (Figure 4-15), multi-component decay profile was observed. This complex kinetics suggests
alternating spin multiplicity via interaction fluctuation impacts the deactivation of the triplet pair
state. Low-temperature (150 K) measurements clearly revealed slowed-down dynamics in the
nanosecond timescale without altering the spectral shape (Figure 4-14d and 4-15), providing
compelling evidence of the role of conformational fluctuation in the electron-spin coupled

dynamics.
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Figure 4-14. (a) Experimentally observed spectral evolution of the fs-TAS (excitation

wavelength: 600 nm) of Pn-MOF in paraffin. (b) Temporal change of transient absorption at

selected wavelengths and fitting curves from global analysis. (c¢) Evolution associated spectra

(EAS) obtained from global analysis based on the sequential model based on two components.

EAS1 and EAS?2 indicate the first and second components of EAS, respectively. (d) Temperature

dependence of the transient absorption at 530 nm of Pn-MOF.
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Figure 4-15. Transient absorption spectra of Pn-MOF at (a) 300 K, (b) 250 K, (¢) 200 K, and (d)
150 K. The TAS spectra in this spectral range are insensitive to spin multiplicity, as no significant

spectral change was observed.
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4-3-3. Formation of quintet state

To quantitatively explore the spin dynamics in Pn-MOF, continuous-wave time resolved-EPR
(CW-TREPR) measurements of Pn-MOF in paraffin were performed at room temperature. Spin
polarization signals with typical A/A/E/A/E/E pattern of quintet (A and E represent microwave
absorption and emission, respectively) and E/A pattern of triplet were observed on inner and outer

side of the spectra, respectively (Figure 4-16a).

" ARE ABE
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Figure 4-16. (a) TREPR spectra for different delay times of Pn-MOF in paraffin at room
temperature. Spectrum simulations by the rotation model analysis in Figure 4-17 are shown by
the red lines. (b) Conformations of the quintet TT1and TT.. The blue arrow represents dihedral
angle (p) of the aromatic plane in Tg relative to Ta in the TaTg pair. (c) Decay profiles of the
absorbance changes in nanosecond-TAS (AOD) by the multiexcitons at temperatures of 300 K
(red circles) and 150 K (blue circles), together with simulated profiles by the rotation model
analysis (red and blue lines). Contributions of °TT and SCTP (T+T) are shown by the solid and
dashed lines, respectively, at 300 K (red line) and 150 K (blue line).
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According to the TAS data, the EPR silent 'TT state should be initially populated by SF. The
spin conversion from 'TT to °TT has been explained by the modulation of spin-spin exchange
coupling J, where 6J = E('TT) - ECTT), with a conformational change in the covalently linked
chromophore dimers. In this case, the chromophores remain strongly coupled to each other even
though the conformation of the dimer changes. In contrast to in dense organic crystals, triplet
hopping forms weakly coupled triplet pairs, and mixing occurs between 'TT and *TT, which are
close to each other in energy level. The triplets then re-encounter to produce a strongly coupled
TT. The MOF in this work is a unique system that combines the characteristics of both dimers
and crystals because it has a structure in which many chromophores are accumulated, but also has
nanopores inside the crystal, which allows the chromophores to rotate and change their
interactions. Therefore, it is appropriate to analyze the system using a model that assumes both J-
modulation in the strongly coupled TT pair and spin mixing in the weakly coupled TT pair (Figure
4-17).

The *TT formation by the modulation of J through the chromophore rotations within the
strongly coupled triplet pair in the 1 nm separated nearest pair shown in Figure 4-9 (Figure 4-17a)
competes with the initial exciton migration to form the separated multiexcitons (Figure 4-17b and
4-17¢). Depending on local exciton mobility by crystallinity or disorder, the weakly coupled
triplet pair (Figure 4-17b) and the non-correlated two triplets T+T (Figure 4-17c¢) can separately
be generated by the exciton migration. The quick triplet exciton dissociation at the crystalline
domain would preferentially produce well-separated non-correlated T+T and does not contribute
to the electron spin polarization. In contrast, the weakly coupled triplet pair states are anticipated
to be generated at the disorder region of the MOF to form the spin correlated triplet pair (SCTP)
(T+T) causing the nine adiabatic states (|1>, |2>, ---and |9>) by quantum superpositions of the
nine of singlet, triplet and quintet diabatic characters, as shown in Figure 4-17b. These SCTP
contributions are observed at the peak positions of the outermost magnetic fields (321 and 365
mT) exhibiting the E/A spin polarization pattern in Figure 4-16a by the spin-spin exchange
coupling of /=1 mT in the 1.5 nm separated exciton pair (Figure 4-9).

Using the model in Figure 4-17, time-developments of the singlet, triplet and quintet diabatic
characters were computed for the three different exciton-pair conformations (TT;, TT,, and
weakly coupled (T+T)) together with the different J values to reproduce the time-dependent EPR

data using the density matrix formalism analysis (Table 4-3).
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Figure 4-17. Model of the density matrix formalism analysis. Different multiexcitons, (a) strongly
coupled triplet pair *TT (°TT; and °TT>), (b) weakly coupled spin correlated triplet pair (T+T),
and (c) non-correlated two triplets T+T, are included with considering molecular rotation, exciton

migration and re-encounter processes.
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Table 4-3. Parameters for computations of the delay time dependence of the EPR spectra and
absorbance changes in paraffin, considering the conformation motions between TT1 and TT»
states by the multiexciton motions with the frequency of v,;, in the model of Figure 4-17.2* %

Euler Polar Koiss O/ 571
D/MHz E/MHz Dss/ b) V! AE1/
J IMHz ) ) MH angles™/ angles 9/ bl 112d) Krec /57
z cm®  cm-
degrees degrees Kesack &/ 571
(a, B,7)
a=95 6, =70 1.6x10°
TT,  -14x10° 1,225 -20 95 p=164
_ @2 =160 8.0x10° (2.0><107)
y=-30 15 30
150 a=90 9, =70 (1.2x10°
TT, -1.9x104 1,164 -20 -95 B =113 -
K 2 =160
y=0
a=0 6, =101 2.3x10°
T+T 28 1,225 -20 -45 =125 - - -
92 =210 (2.8x10°)
y=0
o =90 6, =70 5.6x10’
T, -14x10° 1,200 -20 105 p=130
®2 =160 3.0x10°8 (5.6x107)
y=-20 14 30
300 a =90 6, =70 (3.0x109)
TT, -1.9x10* 1,140 -20 105 p=150 -
K 92 =160
y = -40
a=0 6, =101 1.1x10°
T+T 28 1,200 -20 45 p-125 - - -
@2 =210 (1.1x109)
y =

a) Zero-field splitting parameters in Hzs = D{SZ — S(S + 1)/3} + E(SZ — S2) for each triplet in the
TaTe multiexciton. b) Conformation of the principal axes in Hzs of the Te component with respect to
the principal axes of Ta component in the TaTs multiexciton with the x-convention.

c¢) Direction for the Tg component was set by the polar angles (62 and ¢2) with respect the (X1, Y1, Z1)
principal axes in Ta. d) The energy gap between TT; and TT states represented by AE12 = E(TT) -
E(TT,). e) The kinetic parameters are shown in the parentheses to fit the transient absorbance changes
(Figure 4-14) of the triplet excitons in the absence of the external magnetic field by the present vibronic
model analysis.
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These diabatic spin characters in Figure 4-17 are described by the density matrix formalism of

the equation of motions as follows:

Prr1 = _i[ﬁTTlrpTTl] — (k12 + kpiss)Prr1 + kBackPT+T

+ky1 P12 + KRecPTT1 (4.20)
Prr2 = _i[ﬁTthpTTZ] = k21p112 + K12PTT1 (4.21)
PreT = _i[ﬁT+T: pT+T] + kpissPrT1 — kBackPT+T — KTPT4T (4.22)

where p represents the density matrix for TT;, TT,, and T+T states and are numerically solved
with the spin Hamiltonian H composed of the Zeeman interaction (Hr,), the zero-field splitting
interactions (Hryrges) in the individual two triplets, the spin—spin dipolar coupling (Hyrss)
between the triplets, and the exchange interaction (Hprey), as reported previously. Because
Hyr,es and Hopres are anisotropic and dependent on the TT conformations, the J values are also
altered by the molecular motions, resulting in the anisotropic electron spin polarization in Figure
4-16a caused by the conformation dynamics. This exchange process by ki, and k»; in equation
(4.20) and (4.21) is thus regarded as the noise to fluctuate the J corresponding to the Debye
exponential model.®

The EPR spectra were simulated as shown by the red lines in Figure 4-16a. The electron spin
polarization pattern (A/A/E/A/E/E) in the quintet is sensitive to the mutual orientations of the
excitons in the TT and are generated by fluctuation of the exchange coupling. The simulation of
the EPR spectra was started with the dihedral angle (4 = 130 degrees) between the aromatic planes
in TT1 as shown in Figure 4-16b. Then the effects of the molecular conformation angles of Ty
(equation 4.14) in the Ta-Tg pairs on the electron spin polarization of the quintet state were
carefully examined. The dihedral angles (f) of the TT; or TT, states significantly alter the spin
polarization pattern (Figure 4-18).

To examine whether the uniqueness of the motion is extracted from the spectrum, the angle
distributions in the TT, conformations were also considered with fixing the TT; conformation (5
= 130 degrees) by averaging the five transverse magnetizations with weighting 1:4:6:4:1
amplitude for f = 130, 140, 150, 160 and 170 degrees in the TT,, as shown by the blue line in
Figure 4-19. Also, averaging by the angle distribution is performed in the TT; conformation, as
shown in Figure 4-19. Because the 130-150° spectrum (solid red lines in Figure 4-19) well agrees
with the averaged spectra (dashed blue lines in Figure 4-19), it is concluded that the computation
obtained by the 130-150° angle change may include the inhomogeneous distribution in the

conformations with a large variation of £20 degrees. Within this inhomogeneity, the average angle
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£ = 150 degrees is extracted for the Tg moiety in the TT, state as imposed in Figure 4-16b,
denoting that the conformation changes by molecular rotations (red arrows in Figure 4-16b) are
coupled to the modulation of the exchange interaction in Table 4-3. The stronger J (= -1.4 X 10’
MHz) in the TT; than that (/ = -1.9 X10* MHz) in the TT; is consistent with the dimer model
average geometry of TT; and TT, causing contact edge-to-edge separations (0.29 nm and 0.30
nm, respectively) between carbon atoms in the Pn moieties in Figure 4-16b based on the simulated
structure (Figure 4-9). This supports the molecular rotation along with the Pn-ligating direction

for the J-modulation.
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Figure 4-18. Effects of the conformation angles of  in the TT; (red) and TT, (blue) on the spin-

polarized EPR spectra of the multiexcitons at the delay time of 0.3 ps. The other parameters are

fixed and are listed in Table 4-3.
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Figure 4-19. Comparisons between the computed EPR spectra obtained by considering the
conformation change between TT; (f = 130 degrees) and TT> (f = 150 degrees) in the red solid
lines and spectra (blue dashed lines) obtained by summing the data in Figure 4-18 with weighting
1:4:6:4:1 amplitudes for f = 130, 140, 150, 160 and 170 degrees in the TT, in (a) and with the
1:4:6:4:1 amplitudes for f =110, 120, 130, 140 and 150 degrees in the TT; in (b). The bars in the

right represent the distributions of the molecular conformations to obtain the dashed lines.

Longer lived multiexciton EPR signals are also obtained at 150 K (Figure 4-20). Better
agreement of fitting was obtained at 150 K than at 300 K. This may be due to the activation of
several different low-frequency modes of conformational change at higher temperatures, making
a perfect fit at 300 K difficult by considering only a single mode of conformational change. By
the simulation with setting f = 125 degrees and 6§ = 40 degrees in TT; with varying the TT»
conformation (Figure 4-21 and Table 4-4), the center field absorptive spectrum is obtained when
the motion between f = 125 degrees in TT; and = 110 degrees in TT, was considered, as shown

by the red line in Figure 4-21.
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Figure 4-20. Time-resolved EPR spectra of Pn-MOF in paraffin at 150 K obtained at 1 s after
the laser pulse. The measurements were carried out using a home-built X-band (~9 GHz) used in
Chapter 2. The red line is obtained by the rotation model analysis in Figure 4-17 using the

parameters in Table 4-3 that explained the TAS profile in Figure 4-16c.
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Figure 4-21. (a) Simulation of quintet state in time-resolved EPR spectra at 0.1 ps computed by

several TT, conformations. (b) Averaged spectrum considering the distribution in the TT»

conformations.
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Table 4-4. Parameters for computations of the delay time dependence of the EPR spectra in

paraffin in Figure 4-22b, considering the conformation motions between TT; and TT, states. ***°

Euler Polar Koiss O/ 571
D/MHz E/MHz Dss/ b) V! AE1 ]
J IMHz ) 9 MH angles™/ angles 9/ bl 11 o Krec?/ 57
z cm?t  cm
degrees degrees Kesack &/ 571
(a, B,7)
=90 g,=40
TT, -1.7x10° 1,200 -20 -45 B =125 5.6x107
2 =160
y=-30 19 30  3.0x10°
300 @=9%0  0,=40
TT, -2.2x10* 1,140 -20 -45 B =110 -
K 92 =160
y =40
=0 g,=101
T+T 28 1,200 -20 45 p-125 : - 1.1x10° -

®2 =210

Computation of the time development of the transverse magnetization was also performed
using the above conformation motion (Figure 4-22b) and added to the data in Figure 4-16a to
obtain the data (red lines) shown in Figure 4-22c. The better fit with the experimental results
strongly supports that the highly heterogeneous conformation motions dominate the multiexciton
dynamics. The time development of spin polarization coincides with the nanosecond-TAS data,
demonstrating that the *TT should be formed by the large and disorder conformational motions
depicted in Figure 4-16b. The reliability of the present numerical model analysis was confirmed
by reproducing the EPR patterns of previous rigid tetracene dimers (Figure 4-23)."° Interestingly,
the EPR pattern of Pn-MOF could not be reproduced well without taking motility into account,

confirming that the pentacene moieties in the Pn-MOF has rotational dynamics.
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Figure 4-22. (a) Computed time evolution of the transverse magnetization spectrum using the
conformation model between S = 130 degrees and 150 degrees. (b) Computed time evolution of
the transverse magnetization spectrum with using the motion between £ = 125 degrees and 110
degrees. (c) Comparison of experimental spectra in Figure 4-16 and computed spectra obtained
by adding the data (b) to (a). Note that the time dependence of the transient EPR spectrum in
Figure 4-22b is obtained using the same kinetic parameters of kpiss= 3.0x10° (s™), kpaex = 1.1x10°
(s") and krec = 5.6x107 (s') as used for Figure 4-22a (Table 4-3, 300 K), denoting that the
nanosecond-TAS decay in Figure 4-16c is unaffected by incorporating the different conformation

dynamics.
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Figure 4-23. (a) Computed spin polarized EPR spectrum of the quintet TT state of the tetracene
dimer (TIPS-BP1'") conformationally defined by the rigid linkage in Ref. 15. The calculation is
performed using the sublevel populations obtained at 0.2 us in the TT; state considering the J-
modulation between J; = 1.4x10° MHz and J, = -5.6x10* MHz with a common TaTs
conformation defined by (a, £, y) = (0°, 111°, 0°) and (82, ¢2) = (70°, -90°) in the TT; and TT:
states with D =1322 MHz and Dss = -55 MHz. These angle parameters are characterized as the
Tg conformations with respect to the principal axis system of the Ta in the TaTg multiexciton and
are consistent with the reported dimer geometry. This spin-polarized EPR spectrum demonstrates
validity and compatibility of the present numerical model with the reported theory in Ref. 15. (b)
Same as Figure 4-20 observed at 150 K in the present MOF sample. (¢) Computed spin polarized
EPR spectrum of the quintet TT state for the pentacene dimer obtained with D = 1265 MHz and
Dss = -55 MHz. The other parameters are identical with those for (a). The better fit is obtained
based upon the structure in Figure 4-16b as an average dihedral angle (140°) between S = 164°
and 113° in Table 4-3.
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As a result, the time evolution of the EPR spectra were successfully reproduced by the model
of Figure 4-17 in which the hopping-dissociation (kpiss) and re-encounter (ksack) to form the
quintet *TT, triplet *(T1So), and singlet ' TT via triplet-triplet annihilation of 3(T+T)o are considered
together with the J-modulation between TT; and TT, to generate the anisotropy in the quintet
sublevel populations (Figure 4-16a, red lines). This analysis was also applied to understand the
time development of the transient absorption signals in paraffin for 7 = 1 ns in the absence of
the magnetic field. Notably, the profiles (solid lines in Figure 4-16¢) of the sum of the triplet
excitons CTT; +°TT, +*TiSe+ 'TT; + 'TT, + SCTP (T+T) + non-correlated T+T) are consistent
with the deactivation kinetics of the spin-polarized exciton pairs with *TT and (T+T) in Figure 4-
16a. Quick nanoseconds decays in Figure 4-16¢ are originating from the singlet deactivation
process (krec = 5.6x10” s at room temperature) of 'TT that is in equilibrium with *TT and (T+T).
The longer-lived transient absorption profile at 150 K than at 300 K is due to slower singlet
deactivation (krec = 2.0x107 s7).

It is possible to reproduce the nanosecond-TAS decay profile even in a scenario that does not
include the J-modulation, where first (T+T) is generated by triplet diffusion and then °TT is
generated by re-encounter (Figure 4-24). However, in this scenario, the *TT should still be hardly
generated at 100 ns after photoexcitation, which contradicts the actual result that the EPR
spectrum at 100 ns showed a strong *TT-derived signal (Figure 4-16a). This confirms that J-

modulation plays a major role in the generation of °TT.
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Figure 4-24. Computed nanosecond-TAS decay profiles using two different models at room
temperature. In (a), the red profile (Figure 4-16c¢) is obtained with considering the J-modulation
between J; = -1.4x10° MHz and J; = -1.9x10* MHz in TT; and TT>, respectively in Table 4-3. In
(b), Ji =, = -1.4x10° MHz is set assuming that the J is frozen in the strongly coupled state. In
this model (TT diffusion model), the TA decay profile is reproduced with kpiss = 4.0x10°s™, kpacx
=4.0x10°s™", and krec = 2.4x107s™'. The green and blue profiles are contributions of the strongly
coupled *TT and the SCTP (T+T). In model (a), the quick *TT rise within 100 ns is consistent
with the observation of the AAEAEE polarized quintet multiexciton at 100 ns in Figure 4-16a. In
model (b), however, the contribution of the quintet state is minor at 100 ns and thus is inconsistent

with the AAEAEE polarization at 100 ns.
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4-3-4. Room-temperature quantum coherence of quintet state

To directly control the four spin qubits of the quintet multiexciton at room temperature,
transient nutation microwave pulse sequence was applied using an X-band pulsed EPR
spectroscopy (Figure 4-25a and 4-25b). Although the quintet states are significantly minor at the
later delay time exceeding 1 ps in Figure 4-16a and 4-16¢ because of the quick deactivation in the
strongly coupled TT pair to the ground state, interestingly, the echo detected EPR spectrum of the
quintet is observed even at gy = 1.1 ps (Figure 4-25c¢). This suggests that some of the strongly
coupled TT states survive while other dominant TT states undergo quick deactivation and
dissociation by hot exciton characters with relatively large angular molecular rotation shown in
Figure 4-16b. Such hot multiexcitons should also be subject to significant transverse spin

relaxation and not contribute to the echo signal.

(a) Tdelay Techo = 200 NS pata Acquisition
—_— —
» Time
laser x (ns) t, (ns) spin echo
(b) Q,, - (c) | Taelay = 1.1 1S

Q+1

o e
Q, I.-
Q, ‘@

Intensity (a.u.)

T

300 320 340 380 380 400

Magnetic field (mT)

Figure 4-25. (a) Pulse sequence of the transient nutation measurement. (b) Two main quantum
gates detected by the pulsed microwave at By = 348.1 mT in the quintet sublevels. (c) Echo
detected EPR spectrum at zueay = 1.1 ps. The durations of the first and second pulses are x = 8 ns
and #, = 16 ns, respectively. Fitting result using parameters listed in Table 4-5 is shown as a red

line.
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At the field strength of By = 348.1 mT (blue arrow in Figure 4-25¢), the microwave-induced
spin coherence of the quintet was appeared as shown in Figure 4-26a. This profile is successively
explained by the superpositions of the nutation frequencies (wy,) contributed by the quintet

quantum gates of Ams = =1 in Figure 4-25b (Figure 4-17a) described by the following equation,

_ gupBy
)

Wi VS +1) —mg(mg + 1) (4.23)

where ms (= 0, =1, and £2) represent the quintet sublevel quantum numbers causing the
transitions of Ams = +1 with § =2 in Figure 4-17a (detailed analysis method is described in
Table 4-5). A decoherence time constant of 7op= 150 ns is employed. This is consistent with the
transverse relaxation time of 7> = 122 ns in Figure 4-27d. B is the microwave field strength in
equation (4.23) and is set to be B; = 0.45 mT. The nutation frequency varies with the quantum
gate: Wy = V6gugB, /A for the gates (Qo, Q1) between Qo and Q. and W= 2gupBi/h for
the gates (Q2, Q+1) between Q. and Q.. Therefore, anisotropic quintet sublevel distribution by
the S-Qms interconversion in Figure 4-17a highly influences the frequencies and amplitudes of
the quantum beats induced by the coherent microwave pulses at a field strength of By. The
quantum beat profile is well reproduced by the dynamic model of the quintet populations
considering subtle conformational motion between the dihedral angles of = 130° and 122° in
the TaTg exciton pair for TT; and TT», respectively. In the simulated profile (red lines in Figure
4-26a) a minor lower frequency component (green line in Figure 4-26a) is included by the gates
between Qs and Q-1, denoting that the two different nutation frequencies of 25 and 31 MHz are
involved with opposite polarizations (Figure 4-25b) in the experimental profile.

To explicitly understand the spin coherences, the echo intensity at 348.1 mT was plotted as a
function of the delay time (zuciay) (Figure 4-26d). The decay time (1.2 ps) of the echo signal of the
quintet is much longer than the decay time (0.2 ps) of the quintet signals (blue line in Figure 4-
26d) detected by the CW-TREPR and is well fitted by the rotation model calculations (red lines
in Figure 4-26a and 4-26d) using kgec = 1.5%10° s at room temperature (Table 4-5), implying the
species observed in pulsed EPR was different from that in CW-TREPR.
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Figure 4-26. (a) Transient nutation profiles as a function of x in Figure 4-25a at 7gclay = 1.1 s
using #, = 16 ns. The simulated profile is shown by a red line considering the anisotropic sublevel
populations. At the bottom, decomposition of the computed nutation data by the gates Qo, +1 and
Q-2, +1 are shown by purple and green lines, respectively. (b) Simulated profiles by the different
rotation models. The red solid line corresponding to the red line in (a) is computed by the
conformation motion between the dihedral angles of f = 130 degrees and 122 degrees of the Ts
molecule in the TaTg pair for TT; and TT,, respectively. Green dotted line is obtained with
considering the large dihedral angle change between = 130 degrees and 150 degrees in Figure
4-16b. (c) Fourier transform of the nutation data in (a), (d) Dependence of zucay Oon the echo
intensity (black line) employing x = 8 ns, £, = 16 ns and zecho = 200 ns with B; = 0.45 mT together
with delay time dependence of the CW-TREPR intensity at 351 mT in Figure 4-16a (blue line).

Fitting result using equation (4.23) and Table 4-5 is shown as a red line.
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Figure 4-27. (a) Pulse sequence of the spin echo detection (Tdclay—T/2—Techo—TT—Techo—€Cho) for

isolated radical signal at Bo =342.10 mT in the dark performed after the CWTREPR experiments.

(b) The nutation profile of the radical species obtained by B; = 0.45 mT at 342.10 mT with =

32 ns in the absence of the laser irradiation. The nutation frequency (= 12 MHz) exhibits

characteristic of the doublet frequency of gugpB;/h by S = 1/2 in equation (4.23). (c) The

transverse relaxation time of 7> = 355 ns was obtained by plotting the echo signal with varying

Techo 10 the radical species in the dark. (d) For the quintet triplet-pairs, 7> = 122 ns was obtained

by plotting the echo signal with varying z.cn, at Bo =348.10 mT (blue arrow in Figure 4-25¢) with

x=28ns and £ = 16 ns at z.cno = 1.1 ps in Figure 4-25a.
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Table 4-5. Parameters for computations of the transient nutation and delay time dependence of

echo signal at By = 348.1 mT at 300 K (zaely = 1.1 ps), considering the conformation motions

between TT; and TT, states for computations of the sublevel populations (p7,51,.and prsa, ) and

TT1 TT2

the sublevel energies (EQmS and EQmS) in equation (4.3) by the multiexciton motions with the

frequency of v, in the model of Figure 4-25¢. **3°

Euler

Polar Koiss / 51
Dss/  angles/ Voir!  AE12/
J IMHz D/MHz E/MHz angles/ ) Krec/ S7%
MHz  degrees ecm®  cm?  Keak/S
degrees a)
(@B
a=90
& =70
TT:  -1.7 x10° 1,225 -25 -105 B=130 1.5x108
¢ =160
y=-20
22 20 <10°
a=90
300 6 =70
TT, -2.2x10* 1,164 -25 -105 p=122 -
K # =160
y=-30
T+T
- - - - - - - - <10° -

a) T+T dissociation is not considered (kpiss < 10%s™) in the trap multiexciton.
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4-3-5. Origin of coherent quintet

The *TT-derived signal observed in CW-TREPR was reproduced by a large dihedral motion
between f = 130 and 150 degrees, but such a large conformational change would cause a large
fluctuation of the zero-field splitting interaction (D), leading to a severe quantum decoherence
(Figure 4-28). In fact, the pulse EPR nutation profile could not be reproduced by dihedral motion
between £ = 130 and 150 degrees but could be reproduced by the subtle conformational motion
of 22 cm™ between the dihedral angles of # =130 and 122 degrees (Figure 4-26b). This suggests
that large and small conformational motions coexist in the Pn-MOF as major and minor
components, respectively. Since the crystallinity of the Pn-MOF was not good, majority of the
MOF structure (source of CW-TREPR signal) should be disordered, resulting in large
conformational changes, while the conformational change was suppressed in some minor domains
with high crystallinity (source of pulse EPR echo signal). The chromophores in such disordered
region should cause the larger dihedral motion and the quicker dephasing in the quintet coherence,
and thus do not contribute to the spin echo signal. It is anticipated, however, that the ordered 22
cm™' collective motions occur at the ordered domains most probably in the crystalline region of
the MOF with preventions of the conformation motions. These minor TT pairs are possibly

responsible for the weak echo signals.

Ll
RN, e RN
FrEFF 5TT, FrEEr Y, -
5 ) 1
T, : L W et
- t 2 Q TT
_____ : — R,
— — _ " B
TT —_— TT Random fluctuation of D by molecular motion
1 TT, ¢ = Short coherence time (< 100 ns) and echo silent

Figure 4-28. Schematic representations of time course of the singlet and quintet TT at the
disordered domain in the MOF after the singlet-fission. Because the dipolar interaction (D) in the
°TT is time-dependent, the resonance magnetic field within the quintet sublevel is modulated,
causing the spin relaxation and the major echo-silent EPR signal were observed. This is highly
distinguished from the species responsible for the echo generated at the minor ordered domain in

the MOF sample.
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To corroborate this mode of motion, terahertz spectroscopy of Pn-MOF was carried out (Figure
4-29). Although the frequency of the large conformational change (14 cm™) was outside the
measurement range, sharp Lorentzian lines were observed at around 25 cm™ near the simulated
frequency of the small conformational change (22 cm™). Similar low-frequency motion modes
have been observed in other MOFs in systems with restricted ligand mobility,* supporting the
idea that suppressive collective molecular motion is occurring in the Pn-MOF. The sharp terahertz
signals indicate that the ordered collective modes (> 22 cm™) originate from the motion of the
entire framework via the metal-ligand coordination bonds. Although the detailed assignment of
the collective mode is out of the scope of the current work, these phonon modes might couple

with the local molecular rotations of the chromophores.
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Figure 4-29. THz spectra of Pn-MOF. The spectra were measured using the THz-TDS
spectrometer in a transmission set up (a) in the air and (b) in paraffin at room temperature. MOF
in paraffin was measured in a polyethylene (PE) cell and the PE cell was not used for (a). The
arrows around 25 cm™ correspond to the frequency of the motion for the quintet generation in
Figure 4-26. There are several different motions in the solid sample other than 25 cm™. However,
it is in principle important to note from the Redfield theory®® that the singlet-quintet population
mixing is effectively caused when the energy gap by the J-coupling is close to the motion
frequency in the solid. In addition, TT, state needs to be thermally accessible for the spin

conversion.
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For the singlet-quintet conversion in the strongly coupled TT with the negative exchange
coupling, it is essential that the frequency of the J-modulation is closer to the frequency relevant
to the quintet-singlet energy gap based upon the Redfield theory, as reported previously.”* * In
addition, the quintet-singlet energy gap is required to be thermally accessible to get the quintet
populations. In the present analysis, quintet-triplet energy gap is set to be ~1 THz corresponding
to the -6/ value (30 cm™) that is close to the reported values.*®*’ In this case, the higher frequency
vibrations (> 50 cm™) in the THz spectrum should not contribute to minor quintet production
because these frequencies are much higher than -6J. The broad and congested spectral component
around 20-30 cm™ should be responsible for the disordered motions causing the major echo-silent
quintet EPR. Therefore, it is reasonable to hypothesize that the low-frequency Debye peak should
contribute to the echo-silent quintet due to the disordered, non-state specific vibronic coupling,
while the ordered motion characterized by the Lorentzian peak at 25 cm™' should contribute to the
minor long-lasting echo due to the ordered molecular motions with the suppressive conformation
dynamics.

Specifically, the limited dihedral angle fluctuation in £ is revealed to result in superposition of
the transverse magnetization by the gates of Qo,; (purple in Figure 4-25b and 4-26a) and Q.2,-1
(green in Figure 4-25b and 4-26a) at Bo = 348.1 mT from Figure 4-30a, while the magnetization
by the Q.1,:2 gates are minor for the larger angle-fluctuation case in Figure 4-30b. The hindered
rotation thus leads to detections of the high and low frequency nutation components determined
by we= V6gugB,/h and w_,=2gugB,/ h. Thisis also consistent with the echo-detected EPR
spectrum (red line in Figure 4-25¢) obtained using this rotation model. These results imply that

the quantum beating behavior can be altered by the degree of the structural fluctuation.
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Figure 4-30. Angle selectivity of y-magnetization response for the field directions (Bo = 348.1
mT) created by the first microwave pulse in the quantum gates obtained from a powder-pattern
calculation of the transient nutation profiles of the red solid and green dotted lines in Figure 4-
26b for (a) and (b), respectively. The positive magnetization represented by Qmisms+1 denotes
overpopulation in the sublevel of m;s at the resonance transition between Qm and Qmig+1 with my
=-2,-1,0 and 1. These maps are obtained by plotting transverse magnetization responses (eqation
4.16) by the short first microwave pulse for the four different quantum gates to the magnetic field
directions with respect to the molecular frame (x, y, z) of the principal axes of the zero-field
splitting interaction of the Tx molecule. In (a), the positive (yellowish) and negative (dark blue)
magnetization regions by the Qo gates (around the center of the sphere) and by the Q.1 gates
(around the sphere poles) are obtained for the common nutation frequency of 31 MHz. Summation
of these four components will result in the superposition of the amplitudes from the high and low
frequency components in Figure 4-26a, when the small degree of the molecular rotation is
considered. In (b), the amplitude by the Qo,+1 gates will be minor in the dashed green line of Figure

4-26b when the larger degree of motion is considered (Figure 4-16b).
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4-4. Conclusion

In this chapter, the room-temperature quantum coherence of quintet multiexcitons was
demonstrated by dense integration of chromophores in porous MOF. For quintets generated by
SF, it has been unclear what kind of molecular motion is required to achieve both (i) effective
quintet generation and (ii) noise suppressed qubits. This work reveals that low-mobility triplet
pairs with small orientation angle changes prevent exciton hopping and recombination. In
addition, and importantly, the suppression of transverse relaxation due to fluctuations in the zero-
field splitting interaction makes it possible to slow down decoherence and function as qubits even
at room temperature. The control of multiple quantum gates is also extremely important for future
developments in molecular quantum computing with multiple qubits, such as verification of
CNOT gates.

It is significant that not only the generation of quantum coherence by microwave irradiation
has been demonstrated at room temperature by simulating chromophore motion in a MOF, but
also the details of molecular motion (change in molecular orientation) that enable the realization
of room-temperature qubits have been discovered. Precise control of the assembly structure and
motion of the chromophores in MOFs is expected to lead to the development of innovative

materials useful for the molecular-based QIS.
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Chapter 5. Conclusion and future remarks

5-1. Conclusion

Chapter 1 overviewed the basic principles of electron spin-based molecular qubits. The
characteristics of molecular qubit systems were described comparing to conventional NV center-
based quantum sensor. The important parameters of qubits such as spin polarization and relaxation
times were reviewed and the effects of spin interactions to the parameters were also explained.
Then recent molecular qubit-based quantum sensing systems and their details were summarized.

In chapter 2, the elongation of the spin relaxation time in the triplet state of zinc porphyrin was
achieved while its large spin polarization was kept. The reduction of the spin density on the zinc
center by fluorine substitutions weakened the spin—orbit coupling moderately so that the
relaxation was suppressed but the spin polarization was unaffected.

Chapter 3 describes a new methodology to recognize analytes inside MOFs from the change of
the molecular motions of qubits. The combination of triplet qubits and flexible MOFs was
effective for the control of the qubit mobility by the introduction of analyte guests. The change in
the mobility was reflected as the alternation of the relaxation times demonstrating the concept of
molecular motion-based sensing.

In chapter 4, the first example of room-temperature quantum coherence of 4-spin entangled
quintet qubits was demonstrated. While the molecular motions of chromophores are required for
generation of the quintet state, the relaxation is caused by the motions same time. This problem
was solved by making the qubit motion minimum not to induce the spin relaxation but to mediate

the conversion between the singlet and the quintet.
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5-2. Future remarks

Although the results mentioned above raise the possibility for quantum sensing of various
chemicals at room temperature, there are several challenges towards practical quantum sensing
applications. In chapter 3, the guest-responsive behavior of qubits was shown, however, the
recognition of guest species that bring similar 7> like FU and BQ. In addition, the single
microwave pulse takes around 200 ns to operate spins. Thus, the 7> around 1 ps is still inadequate
for effective control of spins that enables various sensing protocols including spin echo or
ESEEM-based methods. For the operation of quantum entanglement, much longer coherence time
is required because the entanglement does not work if any one of the entangled qubits loses the
coherence. 7> of several to ten microseconds is desirable for further applications.

To overcome the first problem of recognizing various targets, the fabrication of a sensor array
would be a possible solution. There are hundreds of different olfactory receptors in the human
nose, and the activation of the multiple olfactory receptors identifies specific odor molecules.
Using this mechanism, identification of specific analyte molecules can be performed by pattern
recognition of arrays of different MOF-qubit hybrids (Figure 5-1). While distinguishment of
guests is difficult from single MOF-qubit system, an array of multiple MOF-qubit hybrids that

show different guest responsivity will realize the recognition of various guest molecules.

Pattern recognition “Quantum nose”

X Cancer Q H
\ metabolite m Odorant

Figure 5-1. Schematic drawing of quantum nose, pattern recognition of specific analyte using
qubit-MOF hybrid arrays. By combining the guest-selectivity of MOF and the sensing ability of
molecular qubits, and by implementing multiple MOF-qubit hybrids with different guest
selectivity or responsivity, quantum sensing of a specific guest is achieved. Reproduced with

permission from reference 1. Copyright 2024 American Chemical Society.
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Instead of a microwave readout, an optical readout is also preferable for array-based systems
from the viewpoint of the spatial resolution to detect the signals of each systems separately. The
optical readout of triplets were recently achieved by several groups at room temperature using
pentacene-doped p-terphenyl systems.”” By applying this technique to MOF-qubit hybrids,
higher sensitivity and resolution can be expected.

To elongate 7> at room temperature, the spin interactions and the fluctuations due to the
molecular motions are key factors. Unlike crystal systems, qubits have high freedom of the
motions in porous MOF-based systems. Toward longer relaxation time, the freedom should be
reduced. For example, pentacene chromophores inside Pn-MOF appeared in chapter 4 are fixed
by two carboxylate groups and can rotate around those two points. If the qubits are fixed by
multiple points of three or more, they do not rotate, and the fluctuations will be suppressed. When
the MOF structure is flexible to the guest, the change in the motion of MOF structure induced by
guests can be a detectable for sensing of the guests instead of the qubit motions. In addition to the
fluctuation, the spin interactions should be optimized. Qubits with large © conjugation will reduce
the dipolar ZFS interaction due to the delocalization of the spins. The spin density on the qubits
is also considered, and the nuclear spins on the positions that have high spin density should be
replaced by other atoms.

Another way to obtain a long-lived quantum coherence is to convert information of the electron
spin to the nuclear spin. Nuclear spins have generally much longer coherence time (~ ms) than
electron spins because of their smaller gyromagnetic ratio. The entangled nuclear spin state was
created by the spin polarization transfer from the electron spin to the nuclear spins in pentacene.’
The quantum coherence of nuclear spins can be operated and readout by radio wave as NMR.

Although the quantum sensing using molecular qubits is just beginning and the performance is
the same or lower than the conventional sensors, I hope the strategies established in this thesis

contribute to the future development of the quantum sensors that exceeds the conventional sensors.
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