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Abstract

An unpaired electron spin in organic semiconductors can be used to probe the
inside of the device. Using the unpaired spin as the probe (spin-probe) to measure the
change in physical properties caused by an applied magnetic field or ESR transition is a
useful approach to evaluate the excited state and carrier dynamics in a non-destructive
and selective manner. In this dissertation, a methodology to evaluate the mechanism of
photocurrent generation in organic thin films has been established. Two weak charge
transfer complexes, pyrene/dimethylpyromellitdiimide (Py/DMPI) and
pyrene/pyromellitic-dianhydride (Py/PMDA), were chosen as target compounds to
establish this methodology. The excited-state and carrier dynamics related to
photocurrent generation were clarified using a combination of several measurements
using the spin probe. The photocurrent and the magnetoconductance (MC) were measured
in the vacuum vapour deposition (VVD) films of Py/DMPI and Py/PMDA. The MC
behaviour was reasonably explained by assuming two types of collision mechanisms:
Doublet—-doublet (DD) pair and triplet—doublet (TD) pair mechanisms, which occur
between the geminate electron—hole pair and between the trapped triplet-species (exciton
or charge-separated state) and carrier. Weakly interacting spin pairs (DD or TD pairs) are
expected to be generated during their collisions. The carrier generation process via their
weakly interacting spin pairs was clarified by measuring the MC of the photocurrent and
the temperature dependence of the photocurrent, time-resolved ESR, and electrically
detected magnetic resonance (EDMR) with the aid of quantum mechanical simulations
of the MC. It has been demonstrated that the combination of spin-probe measurements
(MC effect, TRESR, and EDMR) and quantum mechanical simulations is a powerful
approach to clarify the excited-state and carrier dynamics leading to photocurrent
generation. The methodology (a combination of the temperature dependence of the
photocurrent, EDMR measurement, and quantum mechanical simulations of the excited
state dynamics) has been applied to the VVD film of TIPS-pentacene. The photocurrent
generation mechanism and excited state dynamics were clarified using a similar approach

established during the study of the CT complex described above.
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Chapter 1

Introduction

1-1. Spin in Organic Semiconductor

Devices based on organic semiconductors have been investigated due to their
advantages such as low weight, flexibility, and environmental friendliness. To date, a
variety of studies have been carried out to further develop these devices. Recently, organic
semiconductors can be formulated into ink-jet processed using solution-based printing
processes. This allows for large-area and high-throughput of organic device, enabling not
only a reduction in cost but also the fabrication to flexible circuitry the use of plastic
substrates.' 2 A lot of effort has been made to synthesize compounds with higher mobility
in order to control the band gap (HOMO and LUMO levels) and develop cheaper and
large-scale synthetic methods.? The properties of organic semiconductor devices can be
evaluated not only using current measurements of the input voltage, but also various
techniques, such as spectroscopy (UV-visible, infrared, and X-ray diffraction, etc.),
surface observations using electron microscopy, and theoretical calculations.*

Mobile electrons and holes, which are the charge carriers in organic devices, have
a spin of § = 1/2. This property can be used to probe the inside and working mechanism
of organic semiconductors. Field-effect transistors (FETs) have been actively studied for
application in organic semiconductors. In organic FETs (OFETs), the spins of the charge
carriers injected using an electrical field can be successfully observed using the
conventional ESR technique.” In the OFET device, the transport mechanism of electrical
field injected carriers, orientation of the molecules, and spin density distribution of the
carriers can be investigated using ESR. Since the electron spins injected in a single crystal
and polymer film have long relaxation times® and a long spin diffusion length,’ they have
been studied for application in spintronics and quantum information technology.®

Organic solar cells (OSCs) and organic light-emitting diodes (OLEDs) are also
being actively studied in the field of organic semiconductors. OSCs and OLEDs have the

ability to convert between light energy and electric energy and therefore, been the focus



of a lot of research attention. A schematic diagram of photocurrent generation in an
organic semiconductor is shown in Fig. 1-1. Excited states (molecular exciton or charge-
transfer excited state) are generated upon photoexcitation and mobile electron and hole
carriers are then generated via an weakly interacting electron-hole pair (e—h pair)
intermediate. In OLEDs, reverse processes occur in which the mobile electrons and holes
collide with each other and form an e—h pair. ESR studies on OSCs and OLEDs have
revealed the degradation mechanism in their devices by observing the carrier
accumulation.” ! Time-resolved ESR (TRESR) has been used to study the excited triplet
states of phosphorescent OLED materials and the charge-separated states in the OSC of
bulk hetero-junctions.'?"'* Compared to the transient absorption, the TRESR method can
only measure at the time range longer than the nanosecond order, but it can selectively
measure of paramagnetic species and provide information about spin interactions and spin
dynamics.

A weakly interacting e-h pair is a doublet—doublet pair (DD pair) because each
of the electron and hole has doublet spin states; it is also called a radical pair or ion pair
in photochemistry and a bipolaron in condensed matter physics. The weakly interacting
e—h pair is characterized as a singlet state or triplet state.'> The vector model for singlet
and triplet states is shown in Fig. 1-2. When a magnetic field is applied to the radical pair,
each radical spin in the e—h pair undergoes a Larmor precession at the angular frequency
o = gusB, where g, us, and B are the g-value, Bohr magneton, and applied external
magnetic field, respectively. When an external magnetic field is applied to the electron
spins, the energy changes (E = gusS‘B) due to the Zeeman effect. When the angular
frequency in the Larmor precession differs between two spins in the e-h pair, the singlet
and triplet states are converted into each other under the magnetic field (Ag
mechanism).'® 17

This phenomenon is known as magnetic field-dependent intersystem crossing
(denoted by B-dependent ISC in this thesis), which is sometimes called radical pair ISC.'8
The B-dependent ISC between the S and Ty states is also known as S-To mixing.!® This is
also caused by Fermi contact interaction with the nucleus hyperfine coupling mechanism

(HFC mechanism),?® as shown Fig. 1-3. The B-dependent ISC due to the HFC mechanism



only occurs under low magnetic fields (B ~ HFC) because the hyperfine coupling of
organic materials is very small. When an exchange interaction (J) exists between the
unpaired electron in the e—h pair, the singlet e-h pair ('(e~h)) and triplet e-h pair (*(e~h))
have an energy difference of AE = 2J. When the magnitude of J matches the Zeeman
splitting induced by the external magnetic field, the energy levels of the spin states (S and
T+ or T-) in the e-h pair cross each other and then, the B-dependent ISC due to S-Tx
mixing occurs, as shown Fig. 1-4. This process is known as the level-crossing mechanism
(LC mechanism). 2! 2

Based on the spin selection rule, the singlet e~h [!(e-h)] and triplet e~h [*(e~h)]
pairs have different kinetic (reaction) rates. Therefore, the subsequent generation rate of
the transient product changes by the B-dependent ISC between the !(e-h) pair and 3(e-h)
pair. The changes in the physical quantity induced by the external magnetic field are
generally known as the magnetic field effect (MFE). The study of MFE on kinetic
processes involving intermediate paramagnetic radical pairs has been established for both
solid and liquid phases over many years.'> Several studies on the MFE in the liquid phase
have been reported to change the yields of intermediates or products in photochemical
reactions.?? In the solid phase, the photoconductivity or delayed fluorescence sometimes
varies due to the MFE in organic semiconductors. Recently, in the field of biochemistry,
it has been reported that migratory birds have a compass sensing the earth's magnetic field
based on an MFE in their eyes.”® In organic semiconductor devices, magneto-
electroluminescence (MEL) and magneto-conductance (MC) exceeding 1000% under
~300 mT at room temperature was demonstrated under the device operating conditions.
24 25 This tremendously large MFE is named organic magnetoresistance (OMAR) in
OLEDs. The OMAR is observed even at very low magnetic fields, such as the earth’s
magnetic field. It has been reported that an OLED device using OMAR can detect local
geomagnetic fields with magnitudes of ~50 puT.*¢ Today, the MFE of the organic
semiconductors has become a renewed topic of interest as a result of these demonstrations.

The weakly interacting paramagnetic species responsible for the MFE in organic
semiconductors are not only e—h pairs, but also exciton—carrier (ex—c) pairs consisting of

an electron or hole and triplet state of the excitons in the crystal. This pair is also known



as a triplet-doublet (TD) pair or trion.?” There may also be a triplet-triplet (TT) pair
consisting of two triplet species. Based on the TD pair mechanism, studies on ex—c
dynamics have also been conducted, including charge recombination at the interface
between the donor and acceptor layers of solar cells and carrier trapping/detrapping
processes by triplet excitons in both layers.*3

These weakly interacting paramagnetic intermediate pairs are difficult to detect
using conventional ESR because of their low concentration and short lifetime. Advanced
ESR spectroscopy described later makes the detection of low concentrations of short-
lived intermediate pairs possible. The spin state of the pair species can be changed by not
only an external magnetic field, but also a resonant microwave transition between the spin
sub-levels of the pair. In this case, microwave absorption affects the reaction yield of the
pair species. Thus, the photocurrent, emission, and chemical product are influenced by
the microwave resonant absorption, that is, the ESR transition. In particular, the method
used to detect changes in emission due to ESR transitions is optically detected magnetic
resonance (ODMR), ?*-3% while the method used to monitor the current change due to
ESR transitions is electrically detected magnetic resonance (EDMR). 3! These two
advanced ESR techniques have very high sensitivity because microwave absorption (low
energy) is converted into luminescence or electric current (high energy). In addition, in
the conventional ESR method used to monitor microwave absorption and emission, all
types of electron spins in the system contribute to the obtained spectrum. In contrast,
EDMR and ODMR do not detect isolated organic radicals or spins trapped by defects,
which do not affect the current and emission via ESR transitions between their spin sub-
levels. Anumber of ODMR and EDMR studies of weakly interacting spin pairs in organic
solids have been reported by Frankevich et al. since the 1970s.%? They called the ODMR
and EDMR detection attributed to the change in the reaction yield induced by ESR
transition, reaction yield detected magnetic resonance (RYDMR). Frankevich et al.
successfully detected not only the e-h pair, but also the ex—c pair and TT pair in aromatic
hydrocarbons and crystals of weak charge-transfer (CT) complexes using the RYDMR
method. 3373°

Recently, EDMR and ODMR studies on organic thin-film devices under various



operating conditions have been carried out to elucidate the mechanism of OLEDs and
OSCs in order to develop more efficient devices.*® In OLEDs, the characteristics of the
photogenerated e—h pairs have been studied using EDMR and ODMR under
photoexcitation.3” *® The bias dependence of the EDMR and ODMR signals suggested
that the e~h pair was dissociated under an applied bias using an electric field.>**! It has
been reported that the intensity of the EDMR for OSCs and OLEDs varies under an
ambient atmospheric and the degradation mechanism for their devices due to atmospheric
oxygen was elucidated.*’  However, the influence of atmospheric conditions and
temperature on the device performance or the semiconductor material used in their
devices are still unclear.

In this thesis, 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) will be
treated as one of the target materials to clarify the excited state and carrier dynamics. It is
well known that pentacene derivatives are rare compounds to show “singlet fission” (SF)
phenomenon. SF is a process in which a pair of singlet excited states and the singlet
ground state splits into two triplet excited states. This process has been established with
a theory involving electron spin interactions by Merrifield.* Triplet fusion (TF) is the
inverse process of SF, in which the excited and ground singlet states are generated from
the collision of two triplet excited states.** The delayed fluorescence from the excited
singlet state, which is generated from the TF, changes the emission intensity due to the

MFE of the TT pair.*’

Photo-Excitation
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Deactlvat? < / < /

Excited State Weakly Interacting Charge Carrier
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Fig. 1-1. Schematic diagram of the photocurrent generation mechanism.



S

S

e
V

T, T,

s

iy o

A
gk\
.
- T

L
gk\
.

Fig. 1-2. Vector model of the singlet and triplet states.

X
B e == —0—?—0—

B<HFC B >>HFC

Fig. 1-3. B-dependent ISC mechanism due to hyperfine coupling mechanism.

J<0 Y
—@—. ._X____A_ E_T_Z_J__I _._é_._
B=0 B=2J]

E | T,
AE = 23] -Sro
I\: T_

Level Crolssing Point B

Fig. 1-4. B-dependent ISC mechanism due to level crossing mechanism.



1-2. Scope and Outline of This Thesis

The purpose of this study is to establish a protocol to evaluate the mechanism of
photocurrent generation in organic thin films in detail. The molecular structures used in
this study are shown in Fig. 1-5. To date, the MFE has been explained using the Ag, HFC,
and LC mechanisms of the e-h pair. The photocurrent generation process involves not
only e-h pairs, but also ex—c pairs. Although the fine structure interaction due to the
magnetic dipolar-dipolar interactions between the unpaired electrons are averaged to zero
by the molecular motion in solution, the interaction remains and contributes to the MFE
in the solid phase. Nowadays, numerical calculations of the MFE, which take many
interactions into account, can be performed by the improved computer performance.
Hence, a simulation method for the MFE can be developed to numerically solve the
Liouville equation that incorporates all possible interactions in the DD-pair and TD-pair
mechanisms.

In this work, a simulation method is developed. Weak CT complexes whose
properties are well known were chosen. These CT complexes allowed us to obtain
physical parameters to simulate the MFE on the photocurrent and to make it easy to
establish a method to evaluate several mechanisms. 1:1 complexes of pyrene (Py) and
dimethylpyromellitdiimide (DMPI),* and Py and pyromellitic dianhydride (PMDA)*’
were used in our experiments. In the simulation, all interactions (Zeeman, hyperfine
coupling, fine structure, and exchange interaction) which were used to determine the Ag,
HFC, and LC mechanisms were considered. The e-h pair character clarified by EDMR
measurements of the Py/DMPI photocurrents was used to elucidate the mechanism of
carrier formation. This approach has been applied to 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-Pn),*® which has been extensively studied as an organic semiconductor
with high hole mobility. The temperature-dependent EDMR measurements of TIPS-Pn
were used to evaluate the photo-carrier generation process.

The present dissertation is constructed using 6 chapters. Chapter 1 is an
introduction of the weak interacting spin pairs and MFE observed in organic
semiconductors, and the motivation of this thesis. The experimental details are described

in Chapter 2. The MFE effect of the photocurrent in two CT complexes is reported in



Chapter 3. The CT characteristics of Py/DMPI and Py/PMDA were investigated using
UV-visible absorption and emission spectroscopy and molecular orbital (MO)
calculations. The MFE of the photocurrent (MC) was measured using a VVD film
deposited on a commercially available interdigitate Pt electrode. The MC behaviour can
be reasonably explained assuming two types of collision mechanisms (DD and TD pair
mechanisms), which occur between the geminate e—h pair; and between the trapped
triplet-species and carrier. A simulation method that considers all the interactions in the
DD pair and TD pair mechanisms has been established. The temperature dependence
measurement of the CT complex of Py/DMPI is described in Chapter 4. TRESR,
photocurrent, and EDMR measurements were carried out and their temperature
dependence was carefully examined. The trap depth of the triplet excitons was determined
using the temperature dependence of TRESR, and the trapping of the majority of triplet
excitons was proven, which was assumed in Chapter 3. The activation energy for carrier
generation from the excited state was determined using the temperature variation of the
photocurrent. The e—h pair was directly detected using EDMR and the activation energy
for the production of charge carriers from the e—h pairs evaluated based on their
temperature variation measurements. Based on the combination approach using the
photocurrent, EDMR study, and theoretical simulations established in Chapter 2-4, the
carrier generation process of TIPS-Pn has been clarified in Chapter 5. The temperature
dependence of the photocurrent and EDMR was carefully examined. The spectral
intensity of the EDMR increased from 80 to 200 K and then decreased from 200 to 310
K. The temperature dependence of the EDMR has been simulated using quantum
mechanical simulations of the excited state and carrier dynamics of the e-h pair as well
as the analytical solution used for the kinetic rate equation. This analysis method of
EDMR will lead to a clarification of the mechanism of carrier generation from the excited
state via an e—h pair in an organic semiconductor. A summary of my doctoral work is

provided in Chapter 6.
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Chapter 2
Methods

2-1. Sample Preparation
DMPI was synthesised from PMDA (>99%, HPLC grade, Wako Chemical

Japan) using a one-pot reaction with methylamine in a 40% (w/w) aqueous solution.
Pyrene (>98%, HPLC grade, Wako Chemical, and > 98%, GC grade, Kanto Chemical)
and DMPI were purified upon repeated sublimation twice. Single crystals of the Py/DMPI
and Py/PMDA CT complexes were grown via the diffusion method in acetonitrile purified
by distillation. TIPS-Pn crystals (=99%, HPLC grade, Sigma-Aldrich Japan) were used
without further purification.

Vacuum vapor deposition (VVD) is a method of forming thin films upon
evaporating a material and attaching it to the surface of a substrate. In this study, CT
complexes and TIPS-pentacene thin films were fabricated using the VVD method.

VVD films of Py/DMPI, Py/PMDA, and TIPS-Pn were fabricated on a
commercially available interdigitated platinum electrode with 10 um gaps (DropSens, G-
IDEPT10) or a custom-made interdigitated Pt electrode (Tohnic Inc., substrate: quartz,
125 x 2 digits, digit length: 10 um, gap: 10 um, thickness: 150 £15 nm Pt with 40 +4 nm
Ti) using a resistance—heating-type vacuum evaporation apparatus (Sanyu Electron SVC-

700TM/ 700-2). Ground single crystals were used as the materials in the vapor deposition

step.

(@) (b)
— me—-
F

Glass substrate Quartz substrate

Dimensions: L 22.8 X W7.6 X H0O.7mm  Dimensions: L 25.0 X W 3.3 X H0.5 mm

Cell constant for 10 um Cell constant for 10 um

Number of digits: 125 X 2 Number of digits: 125 X 2

With a digit length: 6.76 mm With a digit length: 3.00 mm

Fig. 2-1. Schematic diagram of interdigitated electrodes (a) DropSens, G-IDEPT10, (b)

Tohnic Inc., custom-made interdigitated Pt electrode
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2-2. Conventional Measurements
2-2-1. Absorption and Emission Spectroscopy

UV-visible absorption and emission spectroscopy provide information on the
electronic states of the ground and excited states, respectively. UV—visible absorption
spectrum of the organic solution and the transmission spectrum of the film were measured
using a spectrometer (UV/Vis/NIR, Shimadzu UV-3600). The UV-visible diffuse
reflectance spectrum of the ground powdered sample was obtained using a
spectrophotometer (Hitachi U-3500). Emission spectrum measurements were carried out
on a home-built set-up consisting of a Q-switched Nd:YAG LASER (Continuum Surelite
II, 7 ns fwhm, and 10 Hz) as the excitation light source. An excitation light of 4 =355 nm
was used for the measurement. The measurement apparatus was constracted by imaging
spectrograph (Acton SpectroPro23001i), intensified CCD camera (Princeton Instruments
PI-MAX). and digital delay pulse generator (Stanford Research Systems DG645) and
Nd:YAG LASER. The emission light was detected using an intensified CCD camera
detector, followed by an imaging spectrograph. CW emission spectra were observed by

opening the detection gate.

2-2-2. Cyclic Voltammetry

Cyclic voltammetry (CV) is a method that involves cycling the potential of the
working electrode and measuring the current of the solution sample. Information on the
HOMO and LUMO energy levels of the molecule was obtained from the redox potential
using CV.

The electrochemical properties were studied using CV. Dichloromethane was
used as the solvent and 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPFs;
>97%, NT grade, Sigma-Aldrich), which was purified via recrystallisation from ethanol
twice, was used as the supporting electrolyte. The observed potentials were corrected for

the potential of Fc/Fc" using ferrocene as the standard.
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2-3. Specific Property Measurements
2-3-1. Photocurrent Measurements

When the organic semiconductor is irradiated with light, the photoexcited
electron and hole are produced on the conduction band (LUMO) and the valence band
(HOMO), respectively, which generates an e—h pair. The e—h pair dissociates into charge
carriers when a bias voltage is applied to the excited organic semiconductor.

The photocurrents were measured using a picoammeter (KEITHLEY
Model6487, Picoammeter/Voltage Source) under illumination from a xenon lamp
(USHIO, UI-501C), followed by a 5 cm pass-length water filter and UV-visible liquid
optical light guide. Excitation light was irradiated on the back of the platinum electrode
coated with the VVD film. Band-pass filters (Edmund Optics, CWL, 12.5 mm Dia. hard
coated OD4 50 nm) were used for the wavelength dependence measurements. A bias

voltage was applied to the electrodes in the conductivity measurements.

2-3-2. Magnetic Field Effect Measurement

Measuring the magnetic field effects on the photocurrent can provide
information on the carrier dynamics in organic semiconductors resulting from spin
dynamics because weakly interacting spin pairs (such as e-h pairs, pairs of triplet excitons
and carriers) are sensitive to the magnetic field. Spin conversion within the weakly
interacting pairs caused by the magnetic field in organic semiconductors changes the
efficiency of photocurrent generation. A schematic diagram of the photocurrent
measurement is shown in Fig. 2-2.

The magnetic field effect on the photocurrent was measured by repeatedly
increasing and decreasing the applied magnetic field using an iron-core magnet (JEOL
JES-TE300). In order to remove artifacts, the data obtained from 20 repeated field cycles
were averaged. The system was stabilized for 2 h under irradiation prior to the

measurement.
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Picoammeter (KEITHLEY

\oltage Source 6487)
GPIB
‘ PC
Film —.IL
— ESR s EmmmEm
console :
Electromagnet (USHIO U1-501C)

(JEOL JES-TE300) ND Filter

Fig. 2-2. Schematic diagram of the TRESR spectrometer.

2-3-3. Time-resolved Electron Spin Resonance

Time-resolved electron spin resonance (TREPR) spectroscopy is a powerful tool
used to detect short-lived paramagnetic species, such as chemical reaction intermediates
and excited states, which was pioneered by Kim and Weissman.*” TREPR can detect the
time evolution of the dynamic spin polarisation generated by chemical reactions or
intersystem crossing after pulsed laser excitation, which is observed as the direct
absorption or emission of the microwave for the samples on a high-speed oscilloscope
after amplification using a wide-band preamplifier. The spectrum was obtained by
stepwise sweeping of the magnetic field.

TRESR spectra were measured on a laboratory-built apparatus using an X-band
ESR spectrometer (JEOL JES-TE300) without magnetic field modulation, wide-band
preamplifier, high-speed digital oscilloscope (LeCroy 9350C), and Nd:YAG pulse laser
(Continuum Surelite 11, 7 ns fwhm, and 10 Hz). Excitation was carried out at 532 nm
using the 2nd harmonic of the Nd:YAG LASER. A laser pulse of typically 4—7 mlJ/pulse

was used in the excitation. The sample temperature was controlled using a cooled He gas
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flow system (Oxford ESR910 Cryostat and Oxford, Mercury iTC 503). A schematic

diagram of the TRESR measurement is shown in Fig. 2-2.

Microwave Unit Wide-band Oscilloscope Triger
Preamplifier (LeCroy 9350C)
GPIB

ESR RS-232C *:fb
console M
Electromagnet

(JEOL JES-TE300) Nd YAG LASER
(Continuum Surelite I1) |

Fig. 2-3. Block diagram of the TRESR spectrometer.

2-3-4. Electrically Detected Magnetic Resonance

Electrically detected electron spin resonance (EDMR) spectroscopy is a method
used to measure the change in the current or voltage associated with ESR in a material,
and was first reported by Lepine.’! The advantage of EDMR spectroscopy is its
significantly higher sensitivity than conventional ESR and provides direct insight into
how weakly interacting spin pairs act in semiconductors.

A schematic diagram of the EDMR measurement system is shown in Fig. 2-3.
EDMR measurements were performed on an X-band ESR spectrometer (JEOL, JES-
TE300) and an external lock-in amplifier (Signal Recovery, model 7280) used to acquire
the signal. A thin film wired to a coaxial cable was introduced into the ESR cavity (TEO11
mode). A voltage was applied to the sample from an external power supply
(MATSUSADA Voltage source, P4K-36) and the measured current was amplified using
an operational amplifier in the custom-made interface circuit and converted into a voltage

to feed the output signal into a lock-in amplifier. A square wave (TTL signal) was fed
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from a function generator (TEXIO, AFG-2012) into a p-intrinsic-n diode (PIN) modulator
connected to the microwave oscillator in order to modulate the amplitude of the
microwave. At the same time, a reference signal was fed into the lock-in amplifier and
the EDMR signal was measured using a phase-sensitive detection technique. Direct
detection of the change in the photocurrent induced by ESR (without amplitude
modulation) was also performed using a picoammeter. All instruments used for the
photocurrent and EDMR measurements were computer-controlled using a LabVIEW-
based program made in our laboratory. The sample temperature in the photocurrent and
EDMR measurements was controlled using a cooled N> gas flow system (Oxford ESR900
Cryostat and Oxford, Mercury iTC).

| Microwave Unit |

<—[_]—’_|—|_|— Function Generator

PIN Modulat
oduiaton| (TEXIO AFG-2012)

OP-Amp. |
51 Q - -
_: Lock-in Amplifier
* (Signal Recovery 7280)
47 MQ GPIB
Power Supply |:|20 kQ
(MATSUSADA PC
_I Voltage source
T P4K-36) /\
Film )
Console

Electromagnet (USHIO UI-501C)

(JEOL JES-TE300) D Filter Fig. 2-3

Fig. 2-4. Schematic diagram of the EDMR spectrometer.

2-4. DFT Calculations

Molecular orbital (MO) calculations were carried out using Gaussian 09W®° and
ORCA 4.0 program packages.®! Density functional theory (DFT) was used to calculate
the electronic structure and physical properties of the molecules and ions. MO

calculations of the CT complex were performed using DFT with the RB3LYP level of
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theory for the molecular structures determined by crystallographic analysis. Optimization
of the ground-state geometries of the radical ions for each component in the CT complex
(Py and DMPI) was carried out using DFT with the UB3LYP level of theory. The 6-
31G(d,p) basis set was chosen for all of the present calculations. Time-dependent (TD)-
DFT calculations were also performed to estimate the energies and oscillator strengths of
the transitions from the ground state to the three lowest-energy singlet states. The images
of the molecular orbitals of the complexes were plotted using GaussView 5.0. The g and
fine structure tensors were also calculated using DFT with the UKS B3LYP/G level of
theory for the optimized structure of pyrene and for the X-ray structures determined for
the CT complexes using the ORCA program package. The dipolar spin—spin contribution
in the D tensor was directly carried out using the canonical orbitals obtained for the spin
density (DIRECT method) and the spin—orbit contribution was calculated using the quasi-
restricted orbital (QRO) method.

2-5. Spectral Simulation Using Stochastic Liouville
Equation

The behaviour of the spins in the magnetic field was determined using the
statistical expectation value of the spin operator at a given time. There are a large number
of spins in the system concerned with the magnetic field effect. In order to treat them

statistically, one can define the density operator p as follows:
p= Z P [, 2.1)
Lj

where Pj; represents the statistical probability (i = j) and quantum coherence (i # ). The
matrix representation of the density operator is called the density matrix. The statistical
expectation value (4) of an observable A4 can be calculated using the density matrix as

follows:
(A) = Tr(pA) = Tr(Ap) . (2.2)

In order to discuss the magnetic field response of a statistical ensemble of spins, such as

ESR and MFEs, it is necessary to solve the time evolution of the density matrix. Since
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the time evolution of the state ket |y;) can be expressed by means of the Schrodinger

equation, the time evolution of the density matrix is given by:

hd
22 = = ) (P[0 s Py o)y ]
- (2.3)

This equation is known as the von Neumann equation.

The density matrix is an nxn matrix and the commutator exists in this equation.
In addition, there is a type of reaction pathway for each species, such as dissociation to
the carrier (e + h) from the e-h pair in the cases discussed in this study. The reaction can
be expressed using the density matrix, —kgp. Then, there is a coexistence of the
commutators pH — Hp and —kgp. To calculate this easily, a column vector |p; ) for
each component p;; of the density matrix can be introduced. This process can be expressed

as follows:

Pij = | Pij
(2.4)

nxn
nZ2x1

(ilpl) - (ijlpij) -
The expanded space representation of the density matrix is called the Liouville space
representation. As we convert the density matrix p;; into a density ket |p;; ), the exchanger
of the von Neumann equation is given by a super operator Ly on the density ket as

follows:

h
o, H] = Ly|pi;) = = (HOE — E®H")|py), (2.5)

where E is the identity matrix and L is a superoperator acting on the density ket, which is
called the Liouvillian. The Liouvillian operates simply on any element of the density ket
from the left, so that spin relaxation and annihilation via recombination can be considered.
Consequently, the equation for the time evolution of the density operator can be expressed

in the Liouville space as follows:
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dlpij)
dt

h
= —?(H®E — E®H")|p;;) — T|py;) = L|py;) - (2.6)

By introducing relaxation matrix I, the spin relaxation can be considered. The selective
generation of the populations to a particular spin sub-level (p) with a kinetic rate kp can

be written using the projection operator A, as follows:
k,A, (normal space) - k,(|4,]) (Liouville space). (2.7)

where /4p is generally expressed as A, = [p){(p|. A reaction, such as a transition to a

different state or dissociation of an e—h pair, can be expressed as follows:
1 q L (Liouvill (2.8)
—kqAqp (normal space) — —7(/1q®E + E®A,)p" (Liouville space). (2.

Thus, the general expression of the stochastic Liouville equation for the process shown

in Scheme 2-1 can be written as follows:

dp*  h .
—— = — < (HOE — E®H")p! + z k(|4 )5 (6)
P (2.9)
kq L L L
- 27(/1q®E +E®A,)pt — I'pt = Z ku(l4p)5(6) — Lpt,
q P
where
h . kq
L == (H®E - EOH )+Z7(Aq®E+E®Aq)+I". (2.10)
q

The geminate spin pair generation to the “7” state (or spin sub-level) using continuous

wave light excitation can be written as k,.(|A,|). Therefore,

d L
= = k(la,]) - Lp* (2.11)

is obtained for the condition of the continuous light irradiation. This equation can be

solved using the steady-state approximation where the time variation is zero as follows:

dpt
— 2.12
" 0. (2.12)

The steady state solution of the density matrix can be easily solved as follows:
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ph =Lk (14, ]).

(2.13)

The MFE behaviour and EDMR spectra were simulated numerically using this

stochastic Liouville equation by a program written by MATLAB. The numerical

calculations of the MFE and EDMR using the stochastic Liouville equation are explained

in detail in Chapter 3 and 5, respectively.

Selective population
to the “p” state

24
—>

Spin Systems

H p r

Density

. Relaxation
Matrix

Hamiltonian

Selective reaction
or transition of
the “Q” state

_;kq
——>

Scheme 2-1. Schematic diagram of spin dynamics in this spin systems.
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Chapter 3.
Magnetic Field Effect of the Photocurrent

on a Weak Charge Transfer Complex

3-1. Introduction

Recently, spin dynamics have been of great interest in the electricity and light
conversion process in organic thin-film devices, such as organic light emitting diodes
(OLEDs) and organic solar cells (OSCs). Magnetoconductance (MC) in organic
semiconductors can be defined by the change in the current intensity (/) induced by an
external magnetic field (B). MC effects are characteristic properties arising from the
electron spin degree of freedom and the diffusion of polarized spin carriers. The effects
of MC on the current and emission in organic thin-film devices, such as OLEDs and OSCs,
have received considerable attention during the last decade.’*>° The generation and
recombination of carriers in organic devices have been studied using the MC effect. In
particular, the MC effect in an OLED, which is known as organic magneto-resistance
(OMAR), has been extensively investigated because its magnitude is tremendously large
(> 1000%) in cases of the magneto-luminescence and magneto-conductance.?
Although some models (bipolaron model and polaron pair model,) have been proposed,®
the mechanism of the OMAR s still controversial. In these situations, the photocurrent
and its MC effect in the thin films of organic charge-transfer (CT) complexes are worth
investigating.

In this study, the mechanisms of the photoconductivity and MC effect have been
investigated using vacuum vapor deposition (VVD) films of weak organic CT complexes.
A CT complex is an intermolecular compound formed by partial charge transfer between
an electron donor (D), which is a molecule that transfers an electron easily to other
molecules, and an electron acceptor (A), which is a molecule that easily accept an electron
from other molecules. The donor is a molecule with a high HOMO level and an small

ionisation potential (/p), while the acceptor is a molecule with a low LUMO level and
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high electron affinity (E.). In a weak CT complex, efficient charge separation is expected
upon the photoexcitation of the CT band, leading to photoconductivity. In single crystals,
the property of the weak CT complex has been well studied. In the past, the effect of MC
on the photoconductivity due to the spin pairs (such as e-h, ex—c, and TT pairs) of organic
CT complexes was studied in detail using single crystals. 223> However, single crystals
are unsuitable for device fabrication. Thermal evaporation is much easier for device
fabrication and therefore, a re-examination of the photocurrent behaviour of the VVD
films of weak CT complexes is worthy of investigation. In this chapter, the
photoconductivity and its MC effect on VVD films are reported for two kinds of weak
CT complexes, pyrene/dimethylpyromellitdiimide (Py/DMPI) and pyrene/pyromellitic
dianhydride (Py/PMDA). Time-resolved electron spin resonance (TRESR) measurements
of both polycrystalline powders were carried out to obtain information on the photo-
excited states. The spin-dependent carrier dynamics resulting in the MC effect have also
been described using quantum-mechanical simulations utilising the spin Hamiltonian
parameters determined from TRESR, and the effective hyperfine splitting estimated from

the molecular orbital calculations.

3-2. X-ray Crystal Structure Analysis
Single crystals of Py/DMPI and Py/PMDA were grown via the diffusion method

using acetonitrile purified by distillation under an argon atmosphere as the solvent. The
obtained crystals of Py/DMPI and Py/PMDA were yellow and red, respectively, as shown
in Fig. 3-1a and 3-2a. X-ray crystallographic analyses®® were carried out on a Rigaku
AFC11 with a Saturn 724+ CCD diffractometer using graphite-monochromated Mo Ka
radiation (A = 0.710747 A). X-ray structure analysis of these crystals was conducted by
Dr. R. Tanaka (the Analytical Centre of Osaka City University). The crystal structure of
Py/DMPI is monoclinic, containing four Py and DMPI molecules per unit cell and an
alternating stacked structure with donor and acceptor molecules superimposed on each
other with an inter-plane distance of 3.678 A. The crystal structure of Py/PMDA is also
monoclinic, containing two Py and PMDA molecules per unit cell and an alternating

stacked structure with donor and acceptor molecules superimposed on each other with an
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inter-plane distance of 3.634 A. The ORTEP diagrams are shown in Fig. 3-1 and 3-2. The
details of the results obtained from the X-ray crystallographic analyses are described in

Table 3-1.
(3

Fig. 3-1. (a) Photograph of the Py/DMPI crystals, (b) ORTEP diagrams (ellipsoids at the
50% probability level; hydrogen atoms are omitted for clarity), and (c) crystal structure

viewed along the a-axis, (d) b-axis, and (e) c-axis.

@ (b)

(d)

Fig. 3-2. (a) Photograph of the Py/PMDA crystals, (b) ORTEP diagrams (ellipsoids at the
50% probability level; hydrogen atoms are omitted for clarity), and (c) crystal structure

viewed along the a-axis, (d) b-axis, and (e) c-axis.
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Table 3-1. Crystallographic data for Py/DMPI and Py/PMDA.

Crystallographic data Py/DMPI Py/PMDA
Empirical formula Ca2s Hig N2 O4 Ca26 H12 Os
Formula weight 446.44 420.36
Temperature 200(2) K 200(2) K
Wavelength 0.71075 A 0.71075 A
Crystal system Monoclinic Monoclinic
Space group C2/c P21/c

Unit cell dimensions

a/A 12.019(6) 7.268(6)
b/A 20.022(9) 9.350(7)
c/A 8.703(4) 13.757(11)
al® 90 90

BI° 99.990(5) 92.710(11)
yl° 90 90
Volume/ A3 2062.6(16) 933.8(12)
VA 4 2

Density (calculated)/g cm?® 1.438 1.495
Absorption coefficient/ mm™  0.097 0.107
Goodness-of-fit on F? 1.099 1.119

Final R indices [I > 24(1)]

Crystal size/mm?3

R1 =0.0405, wR2 =0.1070
0.200 x 0.150 x 0.100

R1=10.0491, wR2 =0.1114
0.130 x 0.120 x 0.090
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3-3. Diffuse Reflection and Emission Spectra, and
Molecular Orbital Calculations

Weakly interacting CT complexes have a small amount of charge transfer (6 ~ 0)
in the ground state, but in their excited state, almost complete transfer of the electrons

from the donor to the acceptor occurs when the CT absorption band is excited.

(D3*A%-) i (DA-81+p(-)-) (-+5~0). (3.1)

The CT complexes show a new absorption and emission bands that differ from those of
the donor and acceptor. The new bands shift to longer wavelengths with the increasing
charge transfer interaction in the ground state. In order to evaluate the extent of CT
interaction, the diffuse reflection absorption and emission spectra were measured, as
shown in Fig. 3-3. The diffuse reflection spectra of Py/DMPI were compared with the
absorption spectra of Py and DMPI, respectively. The fluorescence spectrum of Py/DMPI
exhibits a maximum at 543 nm and it shifts to a lower energy by 0.35 eV when compared
to the wavelength of 475 nm, as the intensity maximum of the Py emission spectrum. The
fluorescence spectrum of Py/PMDA exhibits a maximum at 605 nm and it shifts by 0.56
eV when compared with the maximum wavelength of 475 nm observed in the Py emission
spectrum. Py/PMDA shows a stronger CT interaction than Py/DMPI, which is consistent
with the results predicted using molecular orbital calculations, as shown by the sticks in
Fig. 3-4.

Since the intense and featureless CT bands observed in the UV—visible region for
Py/DMPI and Py/PMDA, the detailed absorption characteristics of the CT complexes
were studied based on MO calculations. The excited state transition energies and
oscillator strengths of Py/DMPI and Py/PMDA calculated using TD-DFT are
summarised in Table 3-2 and 3-3, respectively. The data clarify that the lowest-energy
absorption transitions of Py/DMPI and Py/ PMDA can be attributed to the HOMO—
LUMO transitions. The one-electron molecular orbital energies are given in Tables 3-2
and 3-3. The molecular orbitals are shown in Fig 3-4 and Fig 3-5. It is predicted that the
HOMO in the CT complexes has weight on the m-orbital of pyrene and the LUMO has

weight on the m-orbital of the accepter.
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Fig. 3-3. The UV-visible diffuse reflectance and emission spectra obtained for PMDA
(cyan), DMPI (orange), pyrene (black), Py/DMPI (blue) and Py/PMDA (red). The sticks

are the optical transitions with CT character obtained using TDDFT calculations.
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Table 3-2. Calculated excited state of Py/DMPI.

Excited Energy Oscillator
Transition
state (Wavelength) strength
2.2055eV
1 HOMO — LUMO 0.0057
(562.16 nm)
3.0239 eV
2 HOMO-1 — LUMO 0.0009
(410.02 nm)
HOMO — LUMO+1 (15%) 3.3618 eV
3 0.0012
HOMO — LUMO+2 (85%) (368.80 nm)
Table 3-3. Calculated excited state of Py/PMDA.
Excited Energy Oscillator
Transition
state (Wavelength) strength
1.8573 eV
1 HOMO — LUMO 0.0397
(667.57 nm)
2.6074 eV
2 HOMO — LUMO+1 0.0004
(475.50 nm)
2.6571 eV
3 HOMO-1 — LUMO 0.0108
(466.61 nm)

26



Table 3-4. Molecular orbital energy of Py/DMPI.

Molecular orbital Energy/Hartrees Energy/eV
LUMO+2 —0.07310 —1.9892
LUMO+1 —0.09400 —2.5579
LUMO —0.12546 —3.4139
HOMO —0.21283 =5.7914
HOMO-1 —0.24572 —6.6863
1 -
- e— LUMO+1
> 3
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> -4k
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Fig. 3-4. Molecular orbitals and orbital energies of Py/DMPI.
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Table 3-5. Molecular orbital energy of Py/PMDA.

Molecular Orbital Energy/Hartrees Energy/eV

LUMO+2 —0.05686 —1.5472
LUMO+1 —0.06224 —1.6936
LUMO —0.10087 —2.7448
HOMO —0.20399 —5.5509
HOMO-1 —0.23550 —6.4082

1
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Fig. 3-5. Molecular orbitals and orbital energies of Py/PMDA.
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3-4. TRESR Spectra of Weak CT Complexes

The CT character of the triplet excited states can be assessed using the zero-field
splitting parameter (D and E), which depends on the spin distribution obtained from our
TRESR measurements. Figures 3-6 and 3-7 show the typical TRESR spectra obtained
for Py/DMPI and Py/PMDA after photoexcitation, respectively, together with their

spectral simulations using the spin Hamiltonian, expressed by Eqn. 3.2.
H; =pB.B-gr-Sr+ Sy Dr-Sr. (3.2)

The first term is the Zeeman interaction and the second term is the fine structure
interaction. X, Y, and Z in the spectral simulations means the transitions corresponding
to the directions of the external magnetic field parallel to the X, Y, and Z principal axes
of the fine structure tensor, respectively. From the spectral simulations, the spin
Hamiltonian parameters of the triplet state were accurately determined to be gt =
2.0050 (isotropic), |D| = 0.0830 cm™, and |E| = 0.0160 cm™* for Py/DMPI, and gt
(isotropic) = 2.0040, |D| = 0.0141 cm™%, and |E| = 0.0000 cm™* for Py/PMDA. The
magnitude of the D value of Py/DMPI was close to that of the localised triplet
state of pyrene itself (Dioc = 0.0863 cm ™t and Ejoc = 0.0167 cm ™! reported in the
literature). The relative populations (dynamic electron spin polarisation, DESP) of each
Ms sub-level were determined to be Px = 0.00, Py = 0.92, and Pz = 0.08 for Py/DMPI
and Px =1.00, Py = 0.00, and Pz = 0.00 for Py/PMDA, when the signs of the D and E
values were chosen to be positive. These signs will be described later. The TRESR signal
of Py/PMDA was much weaker than that of Py/DMPI. This is reasonable because the
charge-separated electron-hole pair detected in Py/PMDA was not the lowest excited
state.

Usually, the excited triplet state of the CT complex can be described as a
superposition of the CT states, where one electron is transferred from the donor to the
acceptor and the locally excited triplet states of the donor or acceptor. The triplet
wavefunction (*®) of the CT complex can be written in the first approximation as a linear

combination as follows:>’
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3prp = € *Pes(DTAT) + (1= Cy) 3®,(D*A), (3.3)

where *@,,, (D*A7) and @y, (D"A) are triplet wavefunction of charge separate state and
locally excited state, respectively. Neglecting other terms that have been shown to be very

small, the zero-field splitting parameter (D) can be written as follows:®°
Dexp = C£Dcs(DTAT) + (1 — CE) Dy (D*A). (3.4)

Since Dcs(D*A™) is much smaller than Dioc(D"A), the CT character, Ci?, can
therefore be determined from the Dexp value obtained in the TRESR experiment,

according to the following formula:®*
(3.5)

The CT character is estimated to be ca. 4% for Py/DMPI using the observed data.
In contrast, the result of the optically detected magnetic resonance experiment of
Py/PMDA was cited in a review as unpublished work®! as follows: The D value
was 0.0555 cm ™! for the species caught in shallow traps at 1.2 K. The CT character
of ca. 30% was estimated by the shallow trap triplet state of Py/PMDA. In this
TRESR experiment, such species caught in the shallow trap could not be detected
because the experiment was conducted at room temperature. The small D value of
the observed species in Py/PMDA in the present experiment shows that the
distance between two unpaired electrons was large. The distance between two
localised electron spins was estimated from the D value using the point dipole

approximation as follows:

_ 3uy (gus)?
=~ (3.6)

where uo is vacuum permeability. Using Eqgn. 3.6, the average spin-spin distance
r of the charge separate triplet state in Py/PMDA was estimated to be 5.70 A from
the D value observed in the TRESR spectrum. The spin-spin distance estimated
from the D values was larger than the inter-plane distance (3.634 A) between

pyrene and PMDA estimated from X-ray crystallography. This is reasonable
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because the unpaired electron was delocalized over the whole molecule in both pyrene
and PMDA. Therefore, the detected species was expected to be a charge-separated
electron-hole pair, which is comprised of an excess electron in the PMDA acceptor
(anion radical) and a hole in the pyrene donor (cation radical). For the charge-separated
electron-hole pair, the sign of the D value was expected to be negative as in Eqn. 3.6.
Therefore, the signs of the D value for Py/PMDA was assumed to be negative. Using
the ORCA program package, the calculated values obtained for pyrene were
Dioc(ORCA) = +0.0869 cm ™t and Eioc(ORCA) = +0.00456 cm*. These values
agree well with the value (D = 0.0863 cm™?) reported in the literature®® and were
also close to those of the experimentally determined values obtained for Py/DMPI.
Therefore, the signs of D and E are expected to be positive for Py/DMPI. In
contrast, the D value of Py/PMDA was much smaller than that of pyrene and
Py/DMPI. The D and E values calculated using ORCA were close to those
reported in the literature for the trapped species of Py/PMDA. A comparison of
the results obtained using the different calculation methods are also shown in
Table 3-6. Table 3-6 shows the better values, which were close to the experimental
data, were obtained when “DIRECT” was used for the spin-spin interaction term and
“QRO” for the spin-orbit interaction term. The sign of the D value was positive for both

pyrene and Py/DMPI.
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Fig. 3-6. The TRESR spectra obtained for Py/DMPI (blue) and the simulated spectra

(violet) at room temperature.
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Fig. 3-7. The TRESR spectra obtained for Py/PMDA (red) and the simulation spectra

(orange) at room temperature.
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Table 3-6. The zero field splitting parameters computed using the ORCA program.

Pyrene 1 2 3 4 obs.”

DTensor SS SS SS + SO SS + SO

DSS DIRECT | UNO DIRECT | UNO

DSOC QRO QRO

D/cm™! 0.09186 | —0.05338 | 0.086874 | —0.06033 | 0.0863

E/cm™! 0.01086 | —0.00415 | 0.004556 | —0.0098 0.0167

Py/PMDA | 1 2 3 4 obs. obs.?
DTensor SS SS SS + SO SS + SO

DSS DIRECT | UNO DIRECT | UNO

DSOC QRO QRO

D/cm™! —0.05415 | —0.02000 | 0.04456 —0.02955 | —0.0141 | 0.0555
E/cm™! —0.01638 | —0.002276 | 0.010279 | —0.00571 | O 0.00883
Py/DMPI | 1 2 3 4 obs.

DTensor SS SS SS + SO SS + SO

DSS DIRECT | UNO DIRECT | UNO

DSOC QRO QRO

D/ecm™! 0.068399 | —0.036117 | 0.069092 | —0.04585 | 0.0830

E/cm™! 0.013349 | —0.000674 | 0.007121 | —0.00343 | 0.0160

“ref 61, * ref 60
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3-5. Photocurrent and Magnetic Field Effect of Weak
CT Complex Films

Figures 3-8a and 3-9a show the photocurrent response at a voltage bias of 10 V
obtained using 30 s ON/OFF illumination cycles with a xenon lamp. Figures 3-8b and 3-
9b show the applied bias dependence of the photocurrent intensity on the Py/DMPI and
Py/PMDA thin films, respectively. These photocurrents increased linearly with the
applied bias voltage. A much larger photocurrent was detected in Py/DMPI than in
Py/PMDA. This is reasonable because weak charge transfer in the ground state leads to
an almost complete charge transfer in the excited state. The excitation wavelength
dependence of the photocurrent was studied using band-pass filters with full width at half
maximum of 50 nm and centred wavelengths of 400, 450, 500, 550, 550, 600, 650, and
700 nm. Figures 3-8c and 3-9c show a comparison of the diffuse reflectance and
photocurrent action spectra, in which the photocurrent magnitude divided by the light
intensity was plotted against the centre wavelength of the filters. The action spectra are
in good agreement with the CT band observed in the diffuse reflectance spectra,
indicating that the origin of the photocurrent can be attributed to charge separation via
CT band excitation in each complex. To obtain an insight into the carrier dynamics, the
MC effect observed in the photocurrent (magneto-photoconductance) was investigated.
Figures 3-8d and 3-9d show the MC behaviour observed for the photocurrent with
Py/DMPI and Py/PMDA. Accurate measurements were not possible under 3 mT because
of the residual magnetisation of the iron core magnet used in the measurement. The
efficiency of the observed MC was calculated using the photocurrent (I) observed under

a specific magnetic field (B) as follows:

mew) = B ;(;()3 mT) . 100. 3.7)

A positive MC effect (1.2% increase at the maximum) was observed upon increasing the
magnetic field in the Py/DMPI and Py/PMDA VVD films, as shown in Fig. 3-8d and 3-
9d, respectively. The MC increased significantly at lower magnetic fields (B < 50 mT)
and increased gradually at higher magnetic fields (B > 50 mT). These MCs were similar

to those observed in organic solar cells reported in the literature.?® The low field
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component of the MC below 10 mT is assigned to the effect explained by the
doublet—doublet (DD) pair mechanism, which exhibits hyperfine interactions with
nuclear spins.®® The high field component with abovel0 mT is assigned to an effect by
the triplet-doublet (TD) pair mechanism. A similar MC behaviour was also observed in
the Py/PMDA film. The MC curves of Py/DMPI and Py/MPAD were approximately
fitted using triple Gaussian functions (narrow, middle, and broad components). The
magnetic field dependence of the MC effect can be fitted by the empirical multiple
Gaussian functions. This function applies well to reproduce the functional form of OMAR
and magnetoconductance of the OSC.? ®* Although, the physics of the MFE is entirely
different to the empirical functions. Therefore, in Section 3-6, the MC effect was
reproduced numerically using the Liouville equation to understand the physics of the MC

effect.
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Fig. 3-8. Photocurrent properties of Py/DMPI: (a) Current response to the on/off cycles
of light irradiation, (b) bias voltage dependence of the photocurrent intensity, (c) the
maximum values of the photocurrent divided by the light power after each band-path filter,
and (d) the MC effects observed in the photocurrent of Py/DMPI VVD film. The observed
and fitted (red curve) curve were obtained using triple Gaussian functions (blue, green,

and purple broken lines).
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Fig. 3-9. Photocurrent properties of Py/PMDA: (a) Current response to the on/off cycles
of light irradiation, (b) bias voltage dependence of the photocurrent intensity, (c) the
maximum values of the photocurrent divided by the light power after each band-path filter,
and (d) the MC effects observed in the photocurrent of Py/PMDA VVD film. The
observed and fitted (red curve) curve were obtained using triple Gaussian functions (blue,

green, and purple broken lines).
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3-6. Simulation of Magnetic Field Effect on the
Photocurrent

In the present system, spin doublet electrons (e) and spin doublet holes (*h)
generated upon photoexcitation become carriers and move among the acceptors or donors
by hopping, respectively. The e-h pairs consisting of spin doublet electrons (*e) and spin
doublet holes (*h) are '(e~h) or 3(e~h) pairs. By applying an external magnetic field, the
populations of singlet and triplet states are transferred between these two states via B-
dependent ISC. When there is a difference in the rate constant of the singlet and triplet
pairs, the population transfer via B-dependent ISC changes the efficiency of carrier
generation. This MFE mechanism can be described using a doublet—doublet (DD) pair
mechanism. The triplet exciton (*ex) can also move in the microcrystalline phase of the
films. The trapping or detrapping of the carriers or excitons occurs by collisions between
them. The collision of a 3ex and a doublet carrier (*c; 2e or 2h) forms the TD pair (ex—c).
The TD pairs have spin doublet state *(ex—c) or spin quartet state *(ex—c). Therefore, the
MC effect is expected to be the B-dependent ISC between *(ex—c) and *(ex—c). The MFE
mechanism can be described using a triplet—doublet (TD) pair mechanism. The excited
dynamics, possible pathways, and relation to the DD and TD pair mechanisms are

depicted in Scheme 3-1.

Charge Separated PyiPMDA o
Singlet State D=-00141cm
E=0.00cm™!
D*-A") Charge Separated Carrier Dynamics
Triplet State e DD pair ) N
(DY _ A= 1 ~ 1
ﬂb\ Ky B dependent ISC 1
Py/DMPI I\ 1 1
Jem = 543 NM Ly ¥ ) e ) |— e !
| N 1.4
(2.28eV) ! 1 Collision to D pair |
Py/RMDA Triplet Exciton kr ks trapped exciton B devendent] !
Jom = 605 NM | 30— ) | K ependent ISC |
(2.05eV) * 3ex-+- 2¢ 2 2(ex ) Yex——c) I
1 Py/DMPI Py/PMDA (ODMR ref. [61]) : ; 1
A =5321nm D =0.0830cm™! || D = 0.05550 cm ! k., |
(2.33eV) E=00160cm™ || E =0.00883 cm ™! 3ex : Triplet Exciton Kp !
l 2c : Carrier :
YD — AY) v \ v (electron or hole) 1(ps+ — A3-) + 2¢ K

Scheme 3-1. Possible excited and carrier dynamics, and their relation to the DD and TD

pair mechanisms.
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3-6-1. Doublet—Doublet (DD) pair mechanism

The narrow components in the MC behaviour originate from the DD pair
mechanism shown in Scheme 3-2. In the DD pair mechanism, B-dependent ISC
between the !(e-h) and 3(e~h) pairs arising from the collision of %e and h are described.
The DD pair mechanism can be induced by the hyperfine coupling mechanism of the
nuclear spins in the low field region. The DD pair mechanism is formulated using the

density matrix as shown in Eqn. 3.8.

dpyp (t '
Pl(nlr;( ) s~ k10 7 [Hoo, 55 (0]

(3.8)

k k
~ = (Pop (O 4s + Asppp () = 5 (Ppp (O A + Arpyp (D),

where ppp is the density matrix of the e-h pair. The first term, k(| Ag|), on the right-hand
side represents the selective population of the !(e~h) pair formed from the singlet excited
state upon continuous photoirradiation because the charge-separated singlet excited states
({(D* — A7)) are effectively generated by the direct photoexcitation of the CT band in
this type of weak CT complex. The k1 and k-1 are the formative and dissociative diffusion
rate constants of the 2e—?h pair. The ks and kr are the recombination rate constants of the
pathway to the spin-singlet ground state of the CT complex, !(D*~A%), [singlet channel],
and the rate constant of the pathway to the triplet excited state of pyrene in the CT
complex, *(D*—A) [triplet channel], respectively. The spin Hamiltonian of the DD pair
mechanism in the third term is given by Eqn. 3.9.
Hop = gy #5B  So1 + gp,yltgB Spz +S" D S"
+ Zism A Iy, +stnz “Aj- I, —2/Sp1- Sp2. (3.9)

The first and second terms on the right-hand side, gpiugB - Sp1 and gp,ugB - Spy are
the Zeeman interactions of hole and electron with the external magnetic field (B),
respectively. The third term, ST - D - ST, is the fine structure (spin—spin) interaction of
the triplet state arising from the spin-exchange coupling between the electron and hole
carriers (anion and cation radicals). The fourth and fifth terms, ); Spq1 - A4; - Ipy; and

2jSp2 * Aj - Ipyj, are the sum of the hyperfine coupling interactions of the electron
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(acceptor anion) and hole (donor cation), respectively. The sixth term, 2/Spq - Sp2, is the
exchange interaction between the doublet species. ppp(?) is the density matrix of the DD
pair at time ¢. As and Ar are the projection operators to the singlet and triplet spin states

of the DD pair, respectively, as follows:
Ag = [SKS], (3.10)
Ar = ZlTi)<Ti|- (3.11)

i

The weak coupled (WC) basis, which can be written as|Sp1, mp;) |Sp2, Mp2), was chosen

in the calculation. The selective population of the !(e-h) pairs, (|Ag|), is given by:

0 0 0 O
(|As]) = Us(s+1y-we 8 8 (1) 8 Us(s+1)-wc (3.12)
0O 0 0 O

where, Uss+1)-wc IS the unitary transformation matrix obtained from the
eigenfunction basis of the S? operator to the WC basis.

In the simulation of the DD pair mechanism, the estimated D value (—0.00782
cm™!) of the second nearest contact between donor and acceptor for the third term spin-
spin interaction of the spin Hamiltonian (Hpp) was used, and it was calculated using Eqn.
3.6 with the distance (6.937 A) obtained from the X-ray crystal structure. In this model,
the carrier (electron or hole) hops from one molecular site to another, as shown in Fig. 3-
10. The spin multiplicity is maintained during the stepwise carrier hopping process. The
exchange interaction between the electrons and holes at the closest donor-accepter pair is
too large to induce a magnetic field effect. The second, third, or fourth contact e—h pairs
contribute to the MC effects, as discussed in the literature,®> % but only the second contact
pair was used in this simulation.

In the fourth and fifth terms of the spin Hamiltonian, Hpp, the summation of the

hyperfine tensors in Eqn. 3.7 was approximated using the averaged effective isotropic

hyperfine couplings as follows:

A - eff . ‘A - eff .
ZiSDl A; IDll' - apq SDl Ipg, Z]'SDZ A] IDZ]' = ap, SDZ Ip, . (37)
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The hyperfine couplings of the cation radical of pyrene (Py") and the anon radical of
DMPI (DMPI") were calculated using Gaussian 09W. The calculations were performed
using DFT with the UB3LYP level of theory and 6-31G(d,p) basis set to obtain the
optimized molecular structures. The calculated isotropic Fermi contact couplings are
listed in Table 3-7. The spectral hyperfine splitting patterns in the frequency region were
calculated as shown in Fig. 3-11. The effective isotropic hyperfine couplings of the pyrene
cations and DMPI anions were estimated to be agﬁf = —30.0 MHz and aeD’;f =—8.0
MHz, respectively, using the weighted average of the split pairs based on their spectral
patterns. The signs of aeD’;f and aeD’;f were chosen to be negative because the major
isotropic hyperfine couplings of Py" and DMPI are negative. The anisotropic terms were

neglected because their magnitude was much smaller than that of the isotropic terms.

The rate equation in Eqn. 3.8 was rewritten in the Liouville space as

follows:
d L L L
EPDD(t) = k(| As|)* — Lppppp (1), (3.13)
where
. p(t)11
Pop () =| p(O)12 ) (3.14)
and

i ks

where E is the unit matrix. In the steady-state approximation of dppp(t)/dt =0,

the equation to the density matrix can be easily solved as follows.

pbp = kiLphphp(0). (3.16)

The efficiency of the charge separation, in which the external magnetic field is
applied to the (8, ¢) direction to the principal axes (X, Y, Z) of the fine structure

tensor, can be calculated as follows:

k_ k_
Opp(B,6,¢) = k—lTT(PTDE) = k—lTT(PTD)- (3.17)
1 1
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Because the molecules are oriented randomly in the sample, the averaged MC

effect is given by:

1 2T ,TC
(Dpp(B)) = Efo fo Orp(B,0,d) sin 8 dod¢p (3.18)

The MC effect arising from the DD pair mechanism in the photocurrent is given by:

MC(%) = MDD(i;]));(é?;D(O)) x 100. (3.19)

Simulations were performed by changing the rate constants and exchange interactions in

the DD pair mechanism. The MC intensity in the DD-pair mechanism was found to be <
3% for each condition. Figure 3-12 shows the magnetic field effects of a typical DD pair
mechanism. The g values of electrons and holes were assumed to be equal. The fine
structure interactions and hyperfine coupling interactions were used by estimatied values
of Py/DMPI. Figures 3-12a and 3-12b show the J dependence of the MC curve in the
DD pair mechanism. There is no difference in the magnetic field effect when J/h < |10
Hz. When the exchange interaction was comparable to the magnetic field energy, the dip
appeared due to the level crossing mechanism. The MC curve was not observed when the
exchange interaction was sufficiently large. Figure 3-12¢ shows the &t dependence of the
MC curve. The MC curve was not observed when kr = ks. Figure 3-12d shows the ki
dependence of the MC curve. The MC curve was not observed when k-1 was sufficiently
large. In contrast, a negative MC curve was observed when k1 was sufficiently small.
DD pair
B dependent ISC
e~ h*) — e —hY) <__1, 2 ... 2t

L

ke ky
“0* - A)
1(D5+ | B A?S*)

Scheme 3-2. The general scheme of the DD pair mechanism generating the MC effect

observed in the photocurrent.
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Fig. 3-10. The stepwise electron or hole hopping model.®>

Table 3-7 The calculated isotropic Fermi contact couplings obtained for the pyrene cation

and DMPI anion.
Isotropic Fermi Isotropic Fermi
pyrene cation  contact couplings DMPI anion  contact couplings
/MHz IMHz
H(1) ~16.74237 N(14) ~3.12385
H(1) 5.02858 N(14) ~3.12385
H(1) ~16.74386 H(1) 3.40856
H(1) —6.29519 H(1) 3.40856
H(1) —6.29312 H(1) -0.211
H(1) —6.29901 H(1) —2.01744
H(1) —6.2957 H(1) —2.01743
H(1) —16.74076 H(1) —0.211
H(1) 5.02861 H(1) —2.01744
H(1) ~16.7453 H(1) —2.01743
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Fig. 3-11. The calculated hyperfine splitting pattern (black) and weight average
(blue) obtained for the (a) pyrene cation and (b) DMPI anion, and their effective
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Fig. 3-12. Simulation of DD pair mechanism. The following parameters were used
in all simulations: go1 = 2.0030, gp2 = 2.0030, D = —0.00782 cm ™, E = 0.0 cm™,
aff] =-30.0 MHz, af/f =-8.0MHz, ki =k and ks = 1.0x10%s7. (a) and (b) The
J dependence of the MC curves (ki = k-1 = 1.0 x 108 st and kr = 1.5 x 108 s™3). (c)
The kr dependence of the MC curves (ki = k-1 = 1.0 x 108 st and J = 0 cm™). (d)
The ki dependence of the MC curves (ks =1.0 x 108s ™}, kr=1.5x 108s %, and J=0

cm™?).
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3-6-2. Triplet-Doublet (TD) pair mechanism

The middle and broad components observed in the MC behaviour are
expected to originate from the TD pair mechanism shown in Scheme 3-3. In this
model, B-dependent ISC between the doublet >(ex—c) and quartet *(ex—c) pairs arising
from the collision of triplet excitons (*ex) and doublet carriers (’c) is described. The
TD pair mechanism can be induced by the fine structure interaction. Here, k2, k-2,
and kp are the formative and dissociative diffusion rate constants of the *ex—c pair
and the recombination rate constant of the pathway to the ground state, (D -A%") +
2¢c [doublet channel]. This kinetic model is similar to that used for the analysis of the
MC effects in a pentacene/Ceo bilayer solar cell reported by Ikoma et al.®> The TD
pair mechanism was expressed using the stochastic Liouville equation of the density

matrices, given below:

dprp(t) i
T = k,piB — k_2pp(t) — P [Hrp, prp(t)]
(3.20)
kp
S (pTD (t)Ap + ADpTD(t))
Hrp = gpugB - Sp + grugB - St + St -Dr - St —2]/Sp - St (3.21)
and
Ap = zIDixDiI (3.22)
i

where A, is the projection operator to *(ex—c), pro(f) is the density matrix of the TD
pair at time ¢, and p$%** is supplied by continuous photoexcitation. It was assumed that
the dynamic electron spin polarisation observed in the TRESR experiment was
maintained. In the calculation, the weak spin-coupled (WC) basis was chosen, which is

written as |Sp, mp) |Sy, my). The initial density matrix, prp, is given by:

cont __

ptp = PpOPT (3.23)

where
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Pk 0 O
1/2 0
Pp = ( é 1 2), Pr =Uzrowc| 0 Py O U;F—>WC' (3.24)
/ 0 0 P 7F

Here, Uzg_wc is the unitary transformation matrix from the zero-field eigenfunction
basis to the WC basis, which is obtained by the diagonalization of H,¢ S D - St. In the
spin Hamiltonian of the TD model (Htp), the first and second terms, gpugB *Sp and
gtugB - St, are the Zeeman interactions with the external magnetic field (B) of the
doublet and triplet species, respectively. The third term, S - D - Sy, is the fine structure
(spin-spin) interaction of the triplet state. The fourth term, 2/Sp - S, is the exchange
interaction between the doublet and triplet species. The rate equation (Eqn. 3.20) was

rewritten in the Liouville space as follows:

d n
3 Pio(®) = k2pT5"" = Lropin () (3.25)
where
5 p(t)11
prp() = | p(t)12 (3.26)
and
i kp

Here, E is the unit matrix in the spin space of the TD pair. In the steady-state
approximation of dpyp(t)/dt = 0, the equation to the density matrix can be easily

solved as follows.
Pip =k Lipp7p . (3.28)

A positive magnetoconductance of the photocurrent appears due to carrier
detrapping from the 3ex—2c pair via the TD pair mechanism. The efficiency in the
(6, ¢) direction of the external magnetic field to the principal axes (X, Y, Z) of the

fine structure tensor, D, is given by:

Drp(B,6,¢) = (kp/k)Tr(prpAp). (3.29)

Because the molecules are randomly oriented in the sample, the averaged MC effect is
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given by:

1 2w T
(910(B)) = 7~ fo fo @rp(B,6,¢)sin 6 dode. (3.30)

The MC effect arising from the TD pair mechanism in the photocurrent is given as

follows:

MC (%) = (Q)TD“:;;(S?;D(O)) x 100, (3.31)

Simulations were performed by changing the rate constants and exchange interactions in

the TD pair mechanism. Figure 3-13 shows the magnetic field effects of a typical DD
pair mechanism. The g values and fine structure interactions are used by estimation values
of Py/DMPI. Fig. 3-13a and 3-13b show the J dependence of the MC curve using the TD
pair mechanism. There was no difference in the magnetic field effect when J/& < |10° Hz.
When only k> is changed and other parameters are fixed, no difference is observed,
as shown in Fig. 3-13c. Fig. 3-13d shows the dependence of kp on the MC curve. A very
large MC effect (~500 %) is obtained when kp/k2 = 100. This finding will provide insight
into the OMAR mechanism. Although in this present approach, the observed MC
effect is very small (a few percent), this is attributed to the small value of kp/k>.
Furthermore, such a large MC effect can be simulated due to the TD pair mechanism

and therefore, the origin of the OMAR may be a “trion” species.
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Fig. 3-13. Simulation of the TD pair mechanism. The following parameters were used in
all the simulations: gr= 2.0050, gp=2.0023, |D| = 0.0830 cm ™!, |E| = 0.0160 cm ™' Px =
0.00, Py =0.92, Pz=0.08, and k> = k. (a) and (b) The J dependence of the MC curves
(ky=k2=1.0x10%s"and kp = 2.0 x 108 s!). (c) The k2 dependence of the MC curves
(ky =k, kp =2.0x 108 s and J =0 cm™"). (d) The kp dependence of the MC curves.

Inset is a logarithm scale for the vertical axis (k. =k2=1.0 x 108 s™!, and J=0 cm ™).
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3-6-3. Simulation of the Magnetoconductance on Py/DMPI VVD film
In the actual MC effect measurements, the lowest magnetic field was 3 mT
because of the residual magnetisation of the iron core magnet used in the experiment.

Therefore, (@pp (3 mT)) was used in the simulation instead of (@pp (0)) as follows:

MCpp = (Q)DD(@]));(;@;?S M) 100, (3.32)

MCyp = (Drp(B)) — (Drp(3 mT)) % 100 . (3.33)

(@rp(3 mT))

The observed MC behaviour was successfully reproduced as shown in Fig. 3-14 (red

solid curve) by solving the formula numerically. The red solid curve was obtained by
the sum of the blue, green, and purple solid curves, where the blue curve is calculated
using the DD pair mechanism; and green and purple curves obtained using the TD
pair mechanism, respectively.

The low-field component (blue curves in Fig. 3-14) is reasonably described
using the DD pair mechanism, that is the B-dependent ISC induced by the hyperfine
coupling mechanism. In the DD pair mechanism, the Ag component can be neglected
in the field range of the present study because of the small difference in the g values
between the weak acceptor (DMPI anion) and donor (pyrene cation). The simulation
reproduces the observed positive MC effects when the rate constants are chosen to be
ki=k1=ks=1.0x10s"and kr = 1.7 x 10® s~!. Although there is some ambiguity in
the choice of the rate constants because the experimental values are unclear, the
relative ratio is meaningful because the shape of the simulation curve and the sign of
the MC effect also depends on the relative ratio. The positive MC effect on the
photocurrent in the low-field region is obtained when the kinetic constant of the
triplet channel (kr) 1s faster than that of the singlet channel (ks), as shown in Scheme
3-2. The energy of the triplet excited state of pyrene (~2.1 eV) or the triplet CT
exciton of pyrene/DMPI is located lower than that of the singlet charge-separated
state, which can be estimated to be ~2.3 eV from the edge of the CT band. According
to the energy gap law, ¢ 8 the triplet channel (kr) is faster than the singlet channel

(ks), which is reasonable because both channels are spin-allowed and the DD pair is
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located more closely to the triplet excited state (}(D*—A)) than the singlet ground
state ({(D¥—A%)).

In the TD pair mechanism, two patterns are expected: 1) Collisions between
mobile triplet excitons (*ex) and trapped carriers (*c() and 2) collisions between
trapped triplet excitons (*ex;) and mobile carriers (>c). The former case leads to an
increase in the mobile carrier as a result of detrapping upon collision (carrier
detrapping). However, this carrier trapping leads to a negative MC effect on the
photocurrent since the ISC due to the fine structure (not the Ag mechanism) between
2(ex—c) and *(ex—c) during the collision is depressed by the external magnetic field.
Therefore, this is not consistent with the experimental results. The observed positive

3ex, and c (carrier trapping upon

MC effect is expected in the collision between
collision). The positive MC behaviour shows that the major trapped species are *ex;
in the Py/DMPI VVD film. A positive MC effect in the photocurrent was also
observed in the case of a pentacene/Ceo bilayer solar cell, which indicates the major
trapped species after photo-injection. Thus, it is expected that a large amount of 3ex;
1s trapped in the VVD film as a result of the morphology (randomness) of the sample,
although the mobile triplet exciton was observed in the single (or poly) crystal
experiment. This prediction is proven by the temperature dependence of the TRESR
shown in the next chapter. In the simulation of the purple solid curve in the TD pair
mechanism, the g, D, and E values are gr=2.0050, |D| = 0.0830 cm™', and |E| = 0.0160

cm™!

, respectively, which are determined using the TRESR of Py/DMPI. Dynamic
electron polarisation is also introduced to (Px = 0.00, Py = 0.92, and Pz = 0.08). The
simulation reproduces the observed positive MC effects when the rate constants are
chosento be kx =k >=1.0 x 10 s! and kp =2.0 x 10" s™!. The purple simulation curve
using the data determined from the TRESR experiment of Py/DMPI reproduces the
MC effects observed in the high-field region (> 50 mT), which corresponds to one of
the triple Gaussian components shown in Fig. 3-8d (purple one).

The green curve, which is one of the triple Gaussian components (middle

component), can be explained by assuming the TD pair mechanism via detrapping

upon collision between the trapped charge-separated triplet state and doublet carrier
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(csi-*e) pair. The triplet species observed using the TRESR of Py/PMDA may come
from the triplet charge-separated electron-hole pair. The trapped charge-separated
state with a similar magnitude to the D value is also expected in the VVD film of
Py/DMPI because the distances between the donor and acceptor in Py/DMPI and
Py/PMDA are similar. Although such a triplet species was not detected in the
Py/DMPI polycrystalline samples using TRESR (see Fig. 3-6), the stronger TRESR
signals arising from the triplet exciton can mask the weak spectrum of the triplet
species. In the simulation of the green solid curve in the TD pair mechanism, the g,
D, and E values are gr=2.0040, |D| = 0.0141 cm™!, and |E| = 0.0 cm ™!, respectively and
determined using the TRESR of Py/PMDA. Dynamic electron polarization is also
considered (Px =1.00, Py =0.0, and Pz = 0.0). The simulation reproduces the observed
positive MC effects when the rate constants are chosen to be k2 = k> =1.0 x 103 s!
and kp =2.9 x 10" s™!. This MC curve obtained using the TD pair mechanism from the
3csi-%e pair with the data determined by TRESR of Py/PMDA resembles the green
curve, which is one of the triple Gaussian function components.

The red curve is the sum of the blue curve obtained using the DD pair
mechanism and the purple and green curves obtained using the TD pair mechanism.
This reproduces the observed MC effect. All parameters, except for the rate constant,
were obtained from experiments and calculations. There is some ambiguity in the rate
constants. However, the relative ratio of the rate constants is meaningful because it

also depends on the shape of the simulation curve and the sign of the MC effect.
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Fig. 3-14. Model calculation of the MC effects. The blue solid curve was obtained using
the DD pair mechanism (gp; = 2.0030, gp>= 2.0030, D = —0.00782 cm™!, E=0.0 cm ™!,
afl =-30.0MHz, afff =-80MHz,J=0cm™, ki=k1=1.0x10%s"", ks=1.0 x 10°
s, and kr=1.7 x 10% s7"). The green (gr=2.0040, gp=2.0023, |D| = 0.0141 cm™ !, |E| =
0.0cm™! Px=1.00, Py=0.0,Pz=0.0, ko =k>=1.0x10"s", kp =29 x 10" s7!, and J
=0 cm') and purple (gr=2.0050, gp=2.0023, |D| = 0.0830 cm™!, |E| = 0.0160 cm ™! Px
=0.00, Py =092, Pz=0.08, ka=k2=1.0x108s kp=2.0x 10" s Land J=0 cm ™)

curves were simulated using the TD pair mechanism.
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3-7. Summary

The CT character was investigated using the diffuse reflection and emission
spectra, MO calculations, and TRESR measurements of two weak CT complexes
(Py/DMPI and Py/PMDA). Triplet exciton and charge-separated triplet states were
detected in Py/DMPI and Py/PMDA, respectively. The photocurrent and the MC effect
were measured in the VVD films of Py/DMPI and Py/PMDA. The MC effect showed an
increase of ~1.2% at 200 mT in the VVD films. The MC curve was approximately
reproduced using a triple Gaussian fit. The MC behaviour was reasonably explained by
assuming two types of collision mechanisms (DD and TD pair mechanisms), which occur
between the geminate electron—hole pair (*e—*h) and between the trapped triplet species
and carrier (Pex—2c or *cs—>c). In the DD pair mechanism, the spin-spin interaction and
the effective hyperfine coupling interaction were estimated from the second closest site
and a molecular-orbital calculation of Py" and DMPI, respectively. In the TD pair
mechanism, the spin—spin interaction was determined using the TRESR spectra. In the
simulation of the DD pair mechanism, the MC effect is estimated to be < 3%, whereas in
the simulation of the TD pair mechanism, the MC effect is estimated to be > 500%
depending on the conditions. The MC effect was well reproduced using the DD pair
mechanism and two types of TD pair mechanisms, such as trapped triplet exciton-carrier
pair (*ex°c) and trapped charge-separated triplet state-carrier pair (*cs—>c).

In addition, a very large MC effect can only be expected in the TD pair
mechanism when kp/k> ~100. This finding may provide some insight into the origin and

mechanism of the OMAR phenomenon.
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Chapter 4.
Temperature Dependence of Advanced
ESR and Photocurrent Measurements of

Weak Charge Transfer Complexes

4-1. Introduction
In Chapter 3, the absorption and emission spectra, and TRESR of weak CT

complexes were discussed. Their CT characteristics were evaluated and the carrier
dynamics in their VVD films were analysed from the MC effects observed in the
photocurrent and quantum mechanical simulations. In the simulation based on the DD
pair mechanism, weakly interacting e-h pairs were assumed, and in the simulation based
on the TD pair mechanism, trapped triplet excitons were also assumed. In this chapter,
the temperature dependence of the advanced ESR and photocurrent measurements were
investigated on Py/DMPI to clarify the detailed carrier dynamics. The TRESR was first
measured using a single crystal of Py/DMPI and the motional properties of the triplet
exciton was examined on the basis of the spectra. The depth of the trap for the triplet
exciton was estimated from the temperature dependence of the TRESR. The activation
energy for carrier generation from the excited state was estimated from the temperature
variation of the photocurrent. Finally, the direct detection of the e—h pairs was carried out
using EDMR measurements and their temperature variation measurements were

performed.
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4-2. Temperature Dependence of the Single Crystal

TRESR of Py/DMPI
The TRESR spectra of single crystals of Py/DMPI are shown in Fig. 4-1.

Single-crystal ESR spectra have anisotropic, but the angle dependence is not
measured in this study. In the single crystals, two sharp signals were observed.
They were attributed to the following transitions: [Ms = 0) «<» [Ms = —1) and |Ms =
0) « |Ms = +1) in the triplet state, respectively. In order to evaluate the motility
of the observed triplet excited states, the line shape of the transitions in the high
field region was carefully examined. For the line shape analysis of the TRESR
spectra, the Gaussian (Eqgn. 4.1) and Lorentzian (Egn. 4.2) functions were used for

the least squares fitting.

1 1 1 2
B) == - B — B,)2 4.1
9(B) nABl/ZeXpn<ABl/2>( ) (41
1 1 1

g(B) ==
wABi21 + (1/AB, ;)" (B — By)?

(4.2)

where ABi, and Bo are half width at half maximum and centre magnetic field,
respectively. Figure 4-1 shows the observed TRESR spectra (black), which are
well fitted using the Lorentzian (blue) than the Gaussian (magenta). If the ESR
transitions were only influenced by the uniform surrounding environment, the line
shape is expected to be a Lorentzian and its linewidth is dominated by the
Heisenberg uncertainty principle. Since the species (unpaired electron, hole, triplet
state, etc.) are localized in condensed matter, they are exposed to inhomogeneous
interactions from the local field, which broadens the linewidth and leads to a
Gaussian line shape (inhomogeneous broadening). However, if the species with
unpaired electrons move fast in the condensed matter, the interactions between the
unpaired spins and their surroundings are averaged. As a result, their linewidth is
reduced and the line shape is restored to a Lorentzian (motional narrowing).®- 7
Therefore, the ESR spectra sharpened by motional narrowing allows one to
estimate the lower limit of the lifetime (7). The lower limit of lifetime of the mobile

triplet exciton can be estimated from the relation of AB ~ h/gfz. From the full width at
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half maximum of the obtained spectra, AB~ 0.3 mT, the lifetime of the triplet exciton
was estimated to be =2 x 1078 s,

The observed TRESR spectra are attributed to the mobile triplet species
released thermally from the trap. The signal intensity decreases significantly with
decreasing temperature. This was attributed to the capture of triplet excitons in the
trap level at low temperature. Thus, the captured exciton is expected to have a much
broader linewidth with a very low peak height as a result of inhomogeneous
broadening, leading to the relatively negligible contribution in the resonance field
of the mobile exciton. Using the temperature dependence of the signal intensity
obtained from single crystal TRESR, the activation energy (AE/kg) of the trap level

was estimated using the Arrhenius equation as follows:
I(T)=A ak + 1 4.3)
= Aexp KT 0 - .

Figure 4-2 shows the temperature dependence of the TRESR intensity of the single
crystal of Py/DMPI, and Fig. 4-3 shows the temperature variation of the TRESR
spectra together with their Lorentzian fitting at each temperature. The trap depth was
determined to be AEwapks = +921 + 128 K by least-squares fitting using Eqn. 4.3. This
trap depth was much larger than that at room temperature (~300 K), indicating that many
triplet excitons were captured in the trap levels even at room temperature. Although the
observed data do not follow the single exponential Arrhenius equation well, suggesting
the existence of multiple trapped sites with different depths, the trapping of the triplet
exciton (*ex;) was confirmed by their temperature variation measurements, which were

assumed in the simulation using the TD pair mechanism.
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Fig. 4-1. TRESR spectra (black) and their Lorentz (blue) and Gaussian (magenda) fitting
at room temperature. The microwave frequency and power are 9.44325 GHz and 1.00

mW, respectively.
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Fig. 4-2. The temperature dependence of the TRESR intensity (black) and fitting curve
using Eqn. 4.3 (red) obtained for the Py/DMPI single crystal. The microwave frequency
and power were 9.13600 GHz and 1.00 mW, respectively.
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Fig. 4-3. The temperature variation of the TRESR spectra (black) obtained for the

Py/DMPI single crystal at each temperature and their Lorentzian fitting (red).
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4-3. Temperature Dependence of the Photocurrent of
Py/DMPI VVD film

Fig. 4-4a and 4-4c show the temperature variations of the photocurrent response
to light irradiation. These on/off response behaviours at room temperature are similar to
those described previously. However, photocurrent intensity was two orders of magnitude
smaller than the absolute value. The commercially available interdigitated electrodes used
in Chapter 3 are based on glass substrates. On the other hand, custom-made interdigitated
electrodes based on quartz substrates were used in this experiment. The electrical
resistivity of the glass substrate was 10'2-10'* Q ¢cm and that of the quartz substrate was
~10'® Q cm.” The photoconduction measurements using glass substrate electrodes show
that the generated carriers conduct through the glass substrate when the mobility of the
organic semiconductor is very low. Therefore, the photocurrent behaviour observed in the
present experiments was likely to be close to intrinsic to the Py/DMPI film. The MC ratio
was expected to be less influenced by the difference in the substrate because the ratio was
only determined by the carrier generation process. The magnitude of the photocurrent
decreased at lower temperature, but the photocurrent response was independent of the
temperature and applied voltage.

Figures 4-4b and 4-4d show the temperature dependence of the photocurrent
intensity. The activation energies were determined using least-squares fit with the Eqn.
4.3 to be AE/k =+1692 £41 K under 10 V applied bias; and +1507 £126 K under 1.5V
applied bias, respectively. Almost no difference in the activation energy with the applied
voltage bias was observed. The magnitude of the activation energy (AE) was comparable
to that observed in the single crystal measurement of an anthracene/PMDA CT complex
(0.14 eV, 1.6 x 10° K).” The observation of the MC effect on the photoconductivity of
the Py/DMPI VVD film indicates the formation of intermediate pairs of paramagnetic
particles (such as the e~h pair and ex—c pair), as described in the previous chapter. Upon
photo-excitation, the singlet CT state !(D*—A") was initially generated. An electron or
hole can migrate to a neighbouring (preferably, next-neighbour) donor or acceptor
molecule, forming a geminate e—h pair. Charge carriers are generated upon dissociation

of the e-h pair, in which singlet and triplet states are generated with the same probability
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independent of their spin state [!(e-h) or >(e-h)]. Since the generation of the mobile carrier
from the excited CT state (D"—A") is a multi-step process, the effective activation energy
obtained by photocurrent measurements is the sum of the activation energies of each
process. This temperature dependence may include not only the activation energy due to

the generation of the carrier from the excited state, but also the thermal detrapping process

of the carrier.
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Fig. 4-4. The temperature variation of the photocurrent response under an applied bias of
(a) 10 V and (c) 1.5 V. The temperature dependence of the photocurrent intensity (black)
and fitting curve using Eqn. 4.3 (red) under an applied bias of (b) 10 Vand (d) 1.5 V.
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4-4. Temperature Dependence of the EDMR of
Py/DMPI VVD film

Figure 4-5 shows the EDMR spectra obtained at various temperatures upon
monitoring the photocurrent of the Py/DMPI VVD film under microwave irradiation at
101 mW. EDMR measures the change in the current induced by the ESR transitions.
Although free electrons with an S = 1/2 spin state can cause ESR transitions, the
transitions do not induce any change in the carrier density and carrier mobility. Therefore,
the current intensity does not change, leading to no EDMR signal. Under a magnetic field
(B ~325mT), S-To mixing occurs in the e-h pair generated via photoexcitation due to the
B-dependent ISC between the singlet and triplet states of the e—h pair. When the ESR
transition occurs between the spin sub-levels of the *(e~h) pair, the population of To is
transferred to T+ and T- or vice versa. When the rate constant for the transition from the
3(e—h) pair to the triplet excited state, *(D*—A), differs from that for the transition from
the (e—h) pair to the ground state, '(D**~A%"), the ESR transition changes the carrier
generation efficiency. The paramagnetic pairs that cause EDMR are not only e-h pairs,
but also trions consisting of triplet excitons and carriers (3ex-2c). In fact, there are some
reports that the EDMR signal of OLEDs is due to the trion.”® The EDMR signals from
trion splitting were over a wide range of magnetic fields due to the fine structural
interaction of triplet excitons and half-field signal of Ams = 2 were also observed. In
OLEDs using poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO) and poly[2-methox-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as the luminescent layer, the half-field
(Ams = 2) signal was not observed at room temperature, but observed at low temperature
(10 K).™ 7 However, the EDMR spectrum of the Py/DMPI1 VVD film can be understood
to originate from a weakly interacting e—h pair signal, since it is a single-line signal
without any fine structure splitting at the central magnetic field of g = 2.0034. The EDMR
spectra were analysed using least-squares fit to the Lorentzian function (Eqn. 4.2), which
indicates that the e—h pair is one of the mobile species, and the lifetime () was estimated
to be 7= 4.0 x 107%s from the linewidth (AB = 1.4 mT).

The temperature dependence of the signal intensity was well fitted using the Eqn.

4.3. The activation energy was estimated to be AE/ks = +2688 + 294 K using least-squares
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fitting. AE corresponds to the energy difference between the e-h pairs and the mobile
carrier. However, the magnitude estimated from EDMR may be overestimated because
the EDMR signal intensity decreases due to the spin-lattice relaxation effects observed
with an increase in temperature. In the present experiment, it was failed to direct time-
resolved detection using pulse LASER excitation without using the phase-sensitive
detection method. Therefore, the relationship between kr and ks could not be determined

in this VVD film.
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Fig. 4-5. The temperature variation of the TRESR spectra (black) observed for the
Py/DMPI film at each temperature and their Lorentzian fitting (red).
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Fig. 4-6. The temperature dependence of the TRESR intensity (black) and fitting curve
using Eqn. 4.3 (red) observed for the Py/DMPI single crystal.
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4-5. Summary
The temperature dependence of the TRESR, photocurrent, and photocurrent

detected EDMR of Py/DMPI have been studied. The TRESR was measured using a single
crystal of Py/DMPI. It was clarified from the line shape analysis that the observed single
crystal TRESR signals are due to a mobile triplet exciton. The trap depth of the triplet
excitons was determined to be AEuspks = +921 +128 K from the temperature dependence
of the TRESR signal intensity, indicating that many triplet excitons were trapped in the
trap levels even at room temperature.

By measuring the temperature variation of the photocurrent of the VVD film, the
activation energies for carrier generation from the excited state was determined to be
AE/kg =+1692 +41 K at 10 V applied bias and +1507 £126 K at 1.5 V applied bias. There
was no significant temperature dependence in the activation energy.

The e—h pairs were directly detected from the EDMR measurements of the
Py/DMPI VVD film and temperature dependences were evaluated. The temperature
dependence of EDMR was fitted well by using the formula assuming thermal activitation,
and the activation energy was obtained as AE/kg = +2688 294 K. This value is expected
with the activation energy of mobile carrier generation from the e-h pair. This magnitude
was larger than the value estimated from the temperature dependence of the photocurrent.
The difference may be due to the spin relaxation effect, which can lead to an
overestimation of the EDMR measurements. In this experiment, the EDMR signal was
small, allowing only a narrow temperature range to be measured. However, it is expected
to give the understanding of the detailed physics of e-h pair that measuring the
temperature dependence over a wider range. In the next chapter, the temperature
dependence of EDMR is investigated in detail using TIPS-Pn thin film, which is possible
to measure over a wide temperature range. The analysis of temperature dependence of
EDMR behavior on Py/DMPI is described in Appendix using the model obtained in
Chapter 5.
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Chapter 5.
Photo-Carrier Dynamics of TIPS-

Pentacene Film

5-1. Introduction

Organic semiconductors have attracted considerable attention because of their
potential to produce large-area flexible substrates at low cost. The mobility is expected to
be enhanced by extending  conjugation of polyacene. Actually, extended m-systems such
as pentacene are known to have high hole mobility due to their large intermolecular
overlap owing to m-m stacking in the solid state. Pentacene is a representative example of
an organic semiconductor and its carrier mobility has been reported to exceed 2 cm? V!
s~! for thin films’® and 50 cm? V! s7! for single crystals.”” Typical values in the mobility
of OFET devices using anthracene and tetracene are 0.02 and 0.38 cm? V! s,
respectively.’® 7 The mobility of pentacene corresponds to a degree of magnitude to
amorphous silicon and a variety of applications is expected from the high mobility. 3% #!
During the research studies on pentacene devices, the OFET performance has been
extensively evaluated, including the synthesis of new pentacene derivatives, device
development, and measurement of device properties.

In addition to significant hole mobility, pentacene derivatives exhibit high
electron donor properties. These materials have also gained increasing interest in singlet
fission (SF).> The SF generates two triplet-excited states from one photon. Therefore, it

is possible to exceed the theoretical Shockley—Queisser limit®

of their power conversion
efficiency. The SF in the pentacene derivative has the potential to lead to the realisation
of highly efficient solar cells. The pentacene derivative is expected to be used as a donor
layer in organic thin-film solar cells. Therefore, the photogenerated carrier dynamics in
pentacene derivatives is an important research topic in materials science and photovoltaic

device applications. However, pentacene has some disadvantages, such as being

photochemically unstable under atmospheric oxygen and poor solubility in organic
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solvents. Significant efforts have been made to mitigate these disadvantages by modifying
the electronic structure®® or insertion of bulky substituents.® The 6,13-Bis-
(triisopropylsilylethynyl)pentacene developed by Anthony et al.*® exhibits high solubility
and photo-stability,®® and has been widely used in organic thin-film devices. Recently, a
conceptually different photo-stabilization approach using enhanced intersystem crossing
through the insertion of radical substituents was reported in our laboratory.®” 3¢ In this
method, the photostability of the product was enhanced by the unique excited-state
dynamics (enhanced intersystem crossing) induced by radical substituents, which result
in the extremely short lifetime observed for the reactive excited state.® This method
successfully stabilizes the pentacene skeleton without significantly changing the
electronic structure of the pentacene moiety.

The ESR spectroscopy has been used for a long time to determine the spin and
electronic structure of the molecule (radical cation, radical anion, excited state, etc.). In
recent years, spin measurements in condensed matter such as solids and thin films have
attracted a great deal of attention for device applications. The ESR spectroscopy is
particularly suitable in view of the direct observation of electric-field-induced charge
carriers in organic semiconductors. Neutral organic semiconductors differ from classical
inorganic semiconductors because the former typically has very few charge carriers
(without applying an electrical field) due to negligible natural doping. A conventional
ESR method successfully clarified the delocalised or mobile nature of the carriers in the
pentacene film induced by an applied gate voltage in FET devices.> °° The EDMR was
also conducted to clarify the carrier dynamics of pentacene VVD films in a three-layered
diode under a specific operating voltage range. Organic semiconductors are also of
interest in the field of spintronics because of their longer spin relaxation times and the
ability to transport spin over long distances when compared to inorganic
semiconductors.”! In TIPS-Pn VVD films, pure spin currents were transported in a similar
manner to pentacene.”> % The spin current injected into pentacene from the ferromagnet
is converted into voltage by the inverse spin Hall effect and measured as EDMR.
Therefore, pentacene derivatives can be used for potential application in future organic

spintronic devices. These studies focused on the ground-state properties in device
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applications. In the excited state, the quintet state and two separated triplet states
generated by SF in the thin films of pentacene derivatives were observed using TRESR.
The photocurrent observed on TIPS-Pn thin films is known to exhibit long-lived decay
behaviour (persistent photocurrent) after termination of light irradiation.”> °¢ The
dynamics of the photogenerated carriers in pentacene derivatives have become an
important research subject in materials science and their application in photovoltaic
devices, but the spin dynamics have not been clarified in some parts. In this study, the
EDMR method was applied to investigate the nature of the intermediate e—h pairs possibly
involved in the photogeneration of charge carriers in TIPS-Pn. Photocurrent
measurements are important methods to study mechanisms, such as photogenerated
carriers, photoemission, and photoconductance. In this chapter, the temperature
dependence of the photocurrent and the photocurrent detected EDMR on TIPS-Pn VVD
films were discussed. Their temperature dependence is analysed using quantum
mechanical simulations along with analytical solutions to the conventional rate equations,

assuming the carrier dynamics of the weakly coupled e-h pair.

67



5-2. Optical Spectra

TIPS-Pn is known to form a variety of crystalline polymorphs and amorphous
forms in films and crystals. Aggregated molecules show different properties from those
in solution and their electronic; and optical properties vary depending on the structure of
the solid. Figure 5-1 shows the UV—vis optical density spectra obtained for TIPS-Pn. The
spectra obtained for the prepared VVD films and TIPS-Pn ground powder are similar to
each other. In both spectra, a shoulder at ~700 nm was observed, which was assigned to
n-n stacking of the pentacene moiety. Clear vibronic splitting patterns in the region of
500-700 nm due to the fundamental So—S; transition was observed in the organic
solution.®® It has been reported that the shoulder observed at ~700 nm does not appear in
the amorphous film.”” *® Therefore, according to the literature, this VVD film is

polycrystalline and not amorphous.

Energy / eV
3.2 28 24 2 1.6

Optical Density / a.u.

400 500 600 700 800
Wavelength / nm
Fig. 5-1. UV—vis optical density spectrum of TIPS-Pn absorption in an CH>Cl> solution

(blue curve), transmission spectrum of the TIPS-Pn film (orange curve), and diffuse

reflectance spectrum of the ground powder of the TIPS-Pn sample (green curve).
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5-3. Model of the Carrier Generation

Two possible carrier generation mechanisms can be considered for the TIPS-Pn
film. One is to generate the spin-singlet e-h pair from the singlet excited state
immediately after excitation, and the carriers are generated from the spin singlet e-h pair
(S-born model). The other model is that the spin triplet e~h pair is born from the Ty level
of the triplet excited state by the SF immediately after excitation, and the carriers are
generated from the spin triplet e-h pair (To-born model). In these models, it is assumed
that there is a thermally active barrier to dissociate mobile carriers of electrons and holes
from electron-hole pairs to generate carriers. Therefore, the carrier generation rate (kdis)

is given as follows;
kais = koexp(—E /kgT). (5.1)

The rate constant of S-To mixing of e-h pair is defined as kisc. The rate constant of ESR
transition between the sublevels of *(e-h) pair by microwave irradiation is defined as kesr.
The rate constants of transition from the !(e~h) pair to the ground state (So) and from the
3(e~h) pair to the excited triplet state (7) are defined as ks and kr, respectively. The S-
born and To-born models are illustrated in Schemes 5-1 and 5-2, respectively. The free
energy of e—h pair generation upon photoexcitation was roughly estimated using the

Rehm-Weller equation (Eqn. 5.2).%
AG = E(D/D*) —E(A™/A) — e?/er — AEy, . (5.2)

The first and second terms are the oxidation and reduction potentials of TIPS-Pn. The
third term is the electrostatic Coulomb interaction energy of the e-h pair. The fourth term
is the singlet excited-state energy. The redox potential of TIPS-Pn was determined to be
0.402 V (oxidation) and —1.45 V (reduction) vs. F¢/F¢' using cyclic voltammetry in a
CH>Cl: solution (Fig. 5-2). A rough estimation of the difference in the redox potential,
E(D/D)—E(A™'A), was made using these values because the corresponding values in the
VVD films are unavailable. The relative dielectric constant of the TIPS-Pn film is
reported to be &£ = 12.5 at room temperature.'?’ The intermolecular face-to-face distance

was r=7.75 A, as determined using X-ray crystallography.*® The excited singlet and
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triplet energies for TIPS-Pn in the solid state have been reported as 1.71 and 0.87 eV,
respectively,® and the excited singlet energy for TIPS-Pn in the film was obtained at 1.79
eV (691 nm) using absorption spectroscopy. Using the obtained value, the free energy for
the generation of !(e-h) from the singlet state were estimated to be negative (AG = —0.086
eV). Therefore, their spontaneous generation is expected to occur. In this process,
according to the spin selection rule, only !(e-h) is populated (Scheme 5-1). It is known
from time-resolved ESR and pump-probe spectroscopy measurements that SF occurs in
TIPS-Pn films.®% '°! Therefore, a rapid spin-allowed generation of the triplet excited state
from SF is possible in this system, leading to photocurrent generation from the triplet
excited state (To-born model; Scheme 5-2). However, in contrast to the singlet e—h pair,
the free energy for >(e~h) generation from the triplet state was estimated to be positive
(AG = 0.728 eV). Thus, triplet e—h pair generation cannot occur spontaneously, even in
the thermal activation of the T state of the TIPS-Pn, which is much higher than the room
temperature thermal energy Therefore, the initial population in the e-h pair exists only as

!(e-h), as shown in Scheme 5-1.

i —1.448V

Current / a.u.

0402V

20 -15 -10 -05 00 05 1.0
E/V vs Fc/Fc*

Fig. 5-2. Cyclic voltammogram of 1.0 mM TIPS-Pn in CH2Cl; containing 0.1 M TBAPFs

at room temperature.
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Scheme 5-1. The excited-state dynamics and carrier generation model in the VVD film
of TIPS-Pn via singlet born process.
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Scheme 5-2. The excited-state dynamics and carrier generation model in the VVD film

of TIPS-Pn via triplet born process.
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5-4. Photocurrent Behaviour

Defects may introduce trap levels in the band gap, which have a direct influence
on the transport phenomena of charge carriers. By measuring the persistent photocurrent,
we can confirm the presence of the traps based on their behaviour. Here, the effect of the
atmospheric environment on the films was reported at room temperature. We measured
the photocurrent and persistent photocurrent in the VVD films of TIPS-Pn. Figure 5-2
shows the typical photocurrent behaviour of the TIPS-Pn VVD film excited using a white
light Xe lamp at room temperature in the air as well as the N; atmosphere. Large light-
induced conductivity during light illumination was observed both in air and the N>
atmosphere. In contrast, a persistent photocurrent with long lifetime after termination of
the radiation was clearly observed under the air atmosphere and a relatively smaller one
was detected under the N> atmosphere. Similar persistent photocurrent behaviours are
decomposed into two components with different lifetimes, which have been reported for
some organic semiconductors.”® The persistent photocurrent decay shown in the inset of
Fig. 5-2 was also fitted to a biexponential function, as follows:

‘ ) +1y, (5.3)

¥

t
> + Ajexp (

I(t) = Ajexp (— E
where 71 and 72 are the decay time constants and /o is offset. The lifetimes are determined
to be 71 = 12 5 (50%) and 72 = 132 s (50%) under air, and 71 = 6.1 s (68%) and 7,=120 s
(32%) in the N> atmosphere by least-squares fit using Eqn. 5.3 for the current values after
turning off the photo-irradiation (Light Off in Fig. 5-3). The percentage in the brackets of
71 and 7> were estimated by A1/(A41+A42) and A2/(A41+A42) using the amplitudes of their
components, respectively. These results demonstrate the existence of multi-trap states in
the present system. To explain the origin of the persistent photocurrent in TIPS-Pn, two
mechanisms have been proposed in the literature.””> °® One is related to two specific
defects that exist at the interface between the dielectric and organic semiconductor phases
in the FET device. The other is related to degradation due to the incorporation of the
ambient Oy in air. Significant persistent photocurrents were observed in air, while little

persistent photocurrent behaviour was observed in the N> atmosphere, as shown in Fig.

5-2. This indicates that the origin of the persistent photocurrent is the latter mechanism.
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From the band calculations of unsubstituted pentacene crystals, it is known that the
oxygen-bridged pentacene skeleton forms a trap level between the conduction and
valence bands.!?? In TIPS-Pn, the trapping levels are also likely to be formed via the
incorporation of oxygen.

From the measurement of the temperature variation of the photocurrent, it is
possible to estimate the activation energy to produce the mobile carriers from the !(e-h)
pairs shown in Scheme 5-1. The inset of Fig. 5-3 shows the photocurrent behaviour at
each temperature under the N> atmosphere. Figure 5-4 shows the temperature
dependence of the photocurrent intensity. The photocurrent intensity decreases with
decreasing temperature. In these photocurrent measurements, the external magnetic field
(B) and microwave were not applied. Therefore, field-induced intersystem crossing (S-To
mixing) originating from the Ag mechanism can be neglected (kisc=0s"' and
kesr = 0s71). The temperature dependence was well fitted by the analytical solution based
on Scheme 5-1 and Eqn. 5.4 for the photocurrent (I, and kesr = kisc = 0 s™'), which is
given by:

Iy

Losrp=0(T) = K T Ko

kdis : (5-4)

Here, the activation energy, E£/ks in Eqn. 5.1, was introduced for carrier generation from
the !(e-h) pair generated via photoexcitation. This process is dissociated the !(e~h) pairs
into electrons and holes. The activation energy, E£/ks, was determined to be 1103 £149 K
using least-squares fitting with Eqn. 5.4. ks and ko could not be determined from this

fitting because they are temperature interdependent parameters.
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Fig. 5-3. The photocurrent and persistent photocurrent responses of the TIPS-Pn film for
light illumination using a Xe lamp in air (black curve) and in the N> atmosphere (red

curve) at room temperature. The inset is the decay of the persistent photocurrent depicted

using a logarithm scale for the vertical axis.
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Fig. 5-4. The temperature dependence of the photocurrent intensity in the N2> atmosphere.

The inset is the photocurrent and persistent photocurrent responses of the TIPS-Pn film.
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5-5. EDMR Behaviour
5-5-1. Direct Detection of EDMR at 200 K

The absolute sign of the current change in EDMR cannot be determined because
the intensity and sign of the signal change with respect to the phase of the reference signal
when the lock-in amplifier is used. Therefore, the absolute value and sign of the change
in the photocurrent was measured using a picoammeter instead of using a lock-in
amplifier. Figure 5-5 shows the direct detection of the EDMR response for the
photocurrent at 200 K using a picoammeter (photocurrent vs. external magnetic field plot).
The photocurrent decreased by ~1.3 % under ESR conditions. Thus, the absolute sign of
the photocurrent-detected EDMR signal was determined to be negative (decrease) for the

photocurrent.
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Fig. 5-5. Direct detection of the EDMR response for the photocurrent at 200 K using a

picoammeter.

5-5-2. Environmental Dependence of the EDMR Spectra at Room
Temperature

From persistent photocurrent measurements, it was shown that atmospheric
oxygen reacts with TIPS-Pn to cause a persistent photocurrent. EDMR measurements

were carried out for both the photocurrent and persistent photocurrent. Figure 5-6 shows
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the EDMR spectra of TIPS-Pn obtained upon monitoring the photocurrent and persistent
photocurrent at room temperature in air and the N> atmosphere, respectively. The opposite
sign of the EDMR signals was detected in the g ~2 region for the photocurrent and
persistent photocurrent. The EDMR signals of the photocurrent (photocurrent-detected
EDMR) correspond to the decrease in the current. Because the same settings of the lock-
in amplifier were used in both EDMR signals for the photocurrent and persistent
photocurrent, the EDMR signals of the persistent photocurrent (persistent-current-
detected EDMR) may correspond to the increase in the current. The photocurrent-
detected EDMR signal observed under an N> atmosphere was similar to that under an air
atmosphere. In contrast, the persistent photocurrent-detected EDMR gave a weak signal
corresponding to the decrease in the persistent photocurrent. The observed persistent-
photocurrent-detected EDMR spectra in N2 atmosphere may originate from the persistent
photocurrent formed due to the presence of the oxygen. It is known that atmospheric
exposure increases EDMR signal in OLEDs on the dark condition. ** 1 This means that
the spin-dependent reactions between trapped electrons and free holes induced by the
atmosphere are modulated by ESR, resulting in a change in the carrier density. *!> 19 The
atmospheric dependence of EDMR on persistent photocurrent observed in the present

experiment is expected to be caused by a similar mechanism.
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Fig. 5-6. The EDMR spectra of TIPS-Pn obtained upon monitoring the photocurrent (red
curve) and persistent photocurrent (blue curve) at room temperature under an (a) air and
(b) N2 atmosphere. The insets are an enlarged view of the persistent-photocurrent-

detected EDMR spectra.
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5-5-3. Microwave Power Dependence of the EDMR Spectra at 80 K

The signal intensity in a solid is usually saturated at low temperature when strong
microwave power is applied because of the slow spin-lattice relaxation time. This may
cause the problem that distorts the shape of the spectrum. To obtain information accurate
regarding the photocarrier-generation process, the microwave power dependence of the
EDMR measurements was investigated. Fig. 5-7a shows the observed microwave power
dependence of the photocurrent-detected EDMR spectra at 80 K. Fig 5-7b shows a plot
of the EDMR spectral intensity versus the square root of the applied microwave power.!%*
105 The spectral intensities were calculated by integrating the area of the EDMR spectra.
It is known that the spectral intensity is proportional to the square root of the microwave
power when the power saturation is negligible. The linear relationship shown in Fig. 5-
7b shows that saturation does not occur under the present conditions. This indicates the
lifetime of the excited species in the TIPS-Pn film is sufficiently short. Fig. 5-7¢ shows
the microwave power dependence of the normalized EDMR spectra. The EDMR spectra
were analysed using Eqn. 5.5, which is the superposition of the Lorentzian and Gaussian

functions.

1 1 1
I(H) :AL_ABL 2
TABY2 1+ (1/AB1/,) (B — By)?

+ A 1 1 1
GﬂABlG/2 Py

(5.5)

2
ABf/2> (B~ Bp)".

Figure 5-7d depicts the microwave power dependence of the linewidth for the
Gaussian and Lorentzian components of the EDMR spectra. Their linewidths do not
depend on the microwave power. The lower limit of the lifetime (the upper limit of the
rate constant) can be estimated from the linewidth of the spectra when the lifetime is much
smaller than the spin-spin and spin-lattice relaxation times, and the signal line shape is
Lorentzian (negligible inhomogeneous broadening). From the linewidth (AB = 0.5 mT)
of the Lorentzian line shape, the lower limit of the lifetime (7) of the weakly coupled e-h
pair was estimated using the following relationship: AB ~ h/gfz. Thus, the upper limit of

the rate constant (reciprocal of lifetime) of the 3(e-h) pair is estimated to be 1/r

=8.6x107s! (t=1.16 x 10"¥s) from the linewidth.

77



(a) (b) 30000
3
5 ~
; 2
< 5000y Z 20000
2 2
2 i =
5 10000- =
= 20.0 mw & 10000
(]
15000+ 10.0 m\W/ =
5.00 mW
L L L L L L L O L L L L L
320 322 324 326 328 330 332 0 2 4 6 8 10
Magnetic Field / mT VMicrowave Power / mW
H
(©), o4 l (d) £ 20 |
3 -024 N J | n I | g }
E‘ 'l_L‘],A lfl "\l '!"{ “" L ‘J., w é 15 I/J\% I/
i VTR Y TN VO 2+ 1
g 02 T I ,\‘ e = |
= =
5 04 \ & 1.0
8 i =
'Té 0.6 50.0 mW ’ % 0.5 /}\ %
21 100mw ] = l‘i —
1 0 5 OO mW L L L LE 00 L L L L L
320 322 324 326 328 330 332 0 2 4 6 8 10
Magnetic Field / mT VMicrowave Power / mW

Fig. 5-7. (a) The microwave power dependent photocurrent-detected EDMR spectra
obtained for the VVD-prepared TIPS-Pn film at 80 K in the N2 atmosphere. (b) The
microwave power dependent EDMR integral intensity. (c) The normalised EDMR spectra
obtained for the TIPS-Pn VVD film at 80 K in the N> atmosphere. (d) The microwave

power dependence of the Gaussian (red) and Lorentzian (black) linewidths.

5-5-4. Reference Signal Phase Dependence of EDMR at 200 K
Phase-sensitive detection measurements were carried out using a dual phase
lock-in amplifier in which the amplitude and phase of the periodic signal are sensitively
detected by comparing the phase between the measured and reference signals. When two
components with different relaxation times exist in a sample, a slight phase shift between
the components occurs with respect to the reference signal. Figure 5-8 shows a schematic
of the in-phase and out-of-phase detections of the two components with a slight phase

shift. For the in-phase detection, the relative intensity ratio of the two components was
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small and both components were simultaneously detected. In contrast, when one of the
components was adjusted to be out-of-phase, the other one is slightly shifted from out-
of-phase, leading to a large difference in the signal intensity between the two components
in the out-of-phase detection.

The phase dependency of the EDMR signal to the reference signal was carefully
examined using a dual-phase lock-in amplifier. In this measurement, not only the
amplitude of the EDMR signal, but also the phase difference with respect to the reference
signal were measured. This small phase shift can be used to separate the EDMR signal
components. In this study, the amplitude modulation technique was used to achieve the
entire separation of the two signals. Figures 5-9 and 5-10 show the in-phase (channel x)
and out-of-phase (channel y) spectra obtained at 200 K, respectively. There is relatively
little difference in the in-phase spectra even when a slight phase shift was induced. In the
out-of-phase detection, the slight phase adjustment led to a large difference in the relative
intensities. The signal was decomposed into two components, which were observed
separately using the phase adjustment to out-of-phase. Component 1 has a Lorentzian line
shape with a narrow linewidth (AB= 0.3 mT) at g=2.0023. Component 2 has a Gaussian
line shape with a broad linewidth (AB = 1.8 mT) at g = 2.0022. These g-values were
slightly smaller than the values obtained for the TIPS-Pn cation radical in THF solution
(g=2.0025) and CH>Cl, solution (g=2.0026).!% It is known that the one-side edges of
the pentacene alignment will grow as they take on the SiO, substrate and the pentacene
planes align nearly perpendicular to the substrate.'”> 1% In pentacene FET films, the g
value is anisotropic, and it has been reported that the g value decreases when the substrate
of pentacene film is parallel to the magnetic field, as shown in Fig. 5-11.° It is known that
the ESR signals due to the FET device for B parallel (B/) and perpendicular (B.) to the
substrate show clear anisotropy. The g values of B, and B. are 2.0024 and 2.0033,
respectively. These g values show monotonic angular dependence values at intermediate
angles between By and B..> These g values is averaged values due to all possible in-plane
molecular orientations in the arrangement of the molecules in the film. In the TIPS-Pn
film made by the vapor deposition method, the pentacene planes is aligned nearly

perpendicular to the substrate.' !0 In this study, an external magnetic field was applied
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parallel to the substrate of the TIPS-Pn VVD film. Therefore, obtaining a g value smaller
than that in solution is reasonable under the experimental conditions use in this study.

In a zinc phthalocyanine single-layer device, the two-component decomposition
in the EDMR signal utilising the out-of-phase detection was reported using the field
modulation technique.!!! For the pentacene-Schottky diode, overlapped two-component
EDMR signals of the Lorentz and Gaussian functions (not separated) have also
reported.!'? Therein, the origin of the EDMR spectrum was discussed based on the
positive bipolaron formation process, which involves the existence of a mobile polaron
and trapped polaron in pentacene. In the present study, two possible mechanisms are
considered to explain the origin of the two components in EDMR spectra. One is that
their components can be attributed to a mobile polaron and trapped polaron, respectively,
as reported in the pentacene-Schottky diode.!'> Another possibility is that there are two
types of e—h pairs. The TIPS-Pn is known to have high hole mobility and low electron
mobility. Therefore, in the former mechanism, the carriers with Lorentzian and Gaussian
line shapes can be expected to be holes and electrons, respectively. In the model where
electrons and holes are dissociated from the e—h pairs, equal amounts of electrons and
holes are expected to be generated upon photoexcitation, followed by charge separation,
as observed in the EDMR of OLEDs.*! However, in the present system, the intensity of
the two components in the EDMR signal differ significantly and the area-integrated
intensity of the Lorentzian component expected with higher mobility was much smaller
than that of the Gaussian component with relatively low mobility.!'* Therefore, the
possibility that the two components are attributed to electrons and holes, respectively,
dissociated from the e—h pairs can be ruled out. In the latter possibility, the following
mechanism can be considered to be the origin of the two types of e—h pairs. Since the
conductivity of the TIPS-Pn crystal is anisotropic, two types of e~h pairs are expected to
exist, one consisting of carriers moving in the conductive paths through the stacked
pentacene plane and another belonging to the low mobility pathway through the migration
among different planes. The EDMR spectrum of the e—h pairs consisting of highly mobile
carriers and relatively slow ones are expected to be the Lorentzian line shape due to the

motional narrowing and the Gaussian line-shape by inhomogeneous broadening due to
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different local environments.
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Fig. 5-8. Model of the output function of the reference signal phase for an EDMR signal.
The red and blue curves show the in-phase (channel x) and out-of-phase (channel y) signal,
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Fig. 5-9. The reference signal phase dependence of the in-phase EDMR spectra obtained
in the N> atmosphere at 200 K.
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5-5-5. Temperature Dependence of the EDMR Spectra
Temperature-dependent of the EDMR were carried out to elucidate the carrier
generation spin dynamics of the e—h pairs. Figure 5-12 shows the temperature
dependence of the photocurrent-detected EDMR spectra under microwave irradiation at
101 mW. The inset is the relative value of the spectral intensity of the EDMR signal at
200 K, which increases from 80 to 200 K, and then decreases from 200 to 310 K. The
spectra are well fit by the superposition of Lorentzian and Gaussian components (Eqn.
5.5). A common g-value (centre field, Bo) for the Lorentzian and Gaussian functions was
used to reduce the variable parameters. It was confirmed that the EDMR spectra were
composed of a narrow Lorentzian and a broader Gaussian line-shape function. Figure 5-
13 shows the temperature dependence of the linewidth for each component from 100 to
300 K. Fitting at temperatures below 100 K is difficult because of the poor signal-to-noise
ratio. The linewidth of the Gaussian component was independent of temperature (~1.8
mT). In contrast, the linewidth of the Lorentzian component depends on the temperature,
which varied from 0.6 to 1.1 mT. Below 200 K, the linewidth gradually narrowed with
increasing temperature. This behaviour can be reasonably interpreted by the motional
narrowing due to the thermal activation of the charge carriers. Above 200 K, the
Lorentzian linewidth increase with increasing temperature due to the decrease in the spin-
lattice relaxation time. Similar temperature-dependent linewidth behaviour was also
reported in field-induced ESR studies of several OFETs.”" !!* Figure 5-14 shows the ratio
of the amplitude of the Gaussian to Lorentzian component. The intensity of the Lorentzian
component (A4r) is larger than that of the Gaussian component (4g). The contribution of
the Lorentzian component is larger than that of the Gaussian component below 150 K.
However, the contribution of the Lorentzian component decreases as the temperature
increases and remained constant at approximately one—half of the Gaussian component

above 200 K.
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Fig. 5-12. The temperature dependence of the photocurrent-detected EDMR spectra of
the TIPS-Pn VVD film in the N> atmosphere. The inset is the temperature dependence of

the EDMR intensity.
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Fig. 5-12. The temperature dependence of the photocurrent-detected EDMR spectra of
the TIPS-Pn VVD film in the N> atmosphere.
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Fig. 5-14. (a) The temperature dependence of the amplitude of the Gaussian and
Lorentzian components. (b) The temperature dependence of the integral intensities of the
Gaussian and Lorentzian components. The black, red and green circles show the

Lorentzian, Gaussian and Lorentzian/Gaussian amplitudes, respectively.

5-5-6. Analytical Solution and Spectra Simulation of the EDMR

The characteristic behaviour of the observed photocurrent-detected EDMR
signals were consistent with the S-born model presented in Scheme 5-1. The photocurrent
is not directly generated from the excited state, but is generated via e—h pairs. If the
number of carriers generated from e—h pairs is changed by the ESR transitions, the EDMR
signal (/lepmr) can be expressed as a difference in the current intensity between the

presence and absence of microwave irradiation as follows:
Iepmr = lon = lofy - (5.6)

where l,» and I, denote the photocurrent intensity in the presence and absence of
microwave irradiation, respectively. According to the S-born model, the photocurrent (/)
is given as the sum of the population density (p) of each spin sub-level multiplied by the
rate constant of the dissociation of e—h pairs (kqis). In this case, the transition rate, kqis, 1S
equal between the !(e—h) and 3(e—h) pairs because the process of carrier generation from

each spin sub-level in the e-h pair is non-geminate.

I = Z kgisp; - (5.7)

It should be noted that, in the EDMR experiments, field-induced intersystem crossing (S-
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To mixing) occurred (kisc # 0 s') via the Ag mechanism and kesg # 0 s! at the
resonance field. The Kaplan, Solomon, and Mott model (KSM model)!!> has been
reported to explain the EDMR of the e—h pairs in charge transport in the ground state.
However, the EDMR signal of the persistent photocurrent under non-light irradiation is
significantly smaller than the EDMR signal from light irradiation. Hence, this
photocurrent-detected EDMR signal is thought to originate from the carrier generation
process from the e—h pair. It should be noted that the free electron or hole cannot
contribute to the EDMR signal because the transition of the mobile carrier between the a
and f spin states does not change the mobility and carrier density. The observed EDMR
spectrum of the TIPS-Pn VVD film can be understood to originate from a weakly
interacting e—h-pair signal because it is a single-line signal at the central magnetic field
in the g ~2 region with negligible exchange and fine structure interactions. The rate
constant for carrier generation (kgis) from the e—h pair is given by Eqn. 5.4 in Section 5-
4. The '(e-h) and 3(e~h) recombine to the singlet ground state (So) with a rate constant ks
and to the triplet excited state (771) with a rate constant kr, respectively. Under a magnetic
field in the g ~2 region, B-dependent ISC due to the Ag mechanism occurs between the
|S) and |7o) spin sub-levels (S-To mixing) in the e-h pair with a transition rate of kisc.
Since the spin conversions between the |S) and |7%) sub-levels are not allowed because
the Zeeman energy due to the external magnetic field is much larger than the hyperfine
coupling or fine structure terms of the e—h pair, they were neglected in the current model.
The transition between the spin sub-levels of T4, 7o, 7o, and 7- are induced when
microwaves with equal energy to the Zeeman splitting energy are irradiated, which has a
rate constant of the ESR transition (kesr). The rate constants ks, kt, kisc, and kgsr are
independent of temperature. The population density (p) of each spin sub-level under
resonance conditions in the S-born model can be obtained by the steady-state

approximation using Eqn. 5.8.
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dps"

dr Iy — kiscps™ — kaispS™ — ksp$™ + kiscpr, =0
dpz,
dto = kiscp$™ — kiscp?n — 2kgsrpT) — kaisp7r — KTp7lt + Kesrp? + kgsrpr™ =0
3 dpon (5.8)
dt+ = kgsrp?, — Kesro?y — kaisptr — ko7l =
dp%il k on k on on k on
7t~ /ESRAT, — KESRAT. — kaispr” — KTp7" =0
The analytical solutions of the densities (p{™) are given as follows:
pon = | kisckesr + (kqis + k) (kisc + 3Kgsr + kqis + K1) (5.9)
s 70 F+G ’
on kisc(kgsr + kais + k) 5.10
Pr, = lo ) (5.10)
0 F+G
kisckEsr
on — hon _ | 5.11
Pr, = Pr_ F g ! ( )

where

F= leC(kdis + ks)(kESR + kgis + kT) + ZkESR(kdis + kT) (kISC + kgis + ks) ’ (5-12)

G = (kgis + k) (kyse + ks + ks) (kgsr + kais + k). (5.13)

By substituting Eqn. 5.9-5.11 into Eqn. 5.7, the photocurrent intensity under resonance

conditions can be given by:

Iy, = kg 4kisckesr + (kas + k) (2kisc + 3kgsg + kais + k) . (5.14)
F+G

The analytical solutions of the photocurrent intensity and population density (pf 2 ) for

each spin sub-level under non-resonance conditions can be obtained by solving the

following simultaneous equations using the steady-state approximation:

dpoff
e = 1y~ tascrd” — kawpd” — kspd + kascof!” = 0
dt? = klscpgff - klscpg({f - kdisp?{f - kTp%{f =0
J o ) (5.15)
de+ _ 0
dt
dpy’’ 0
\ dt B
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The analytical solutions of the densities (pf I1 ) are obtained as follows:

kisc + kqis + k
pgff = I, ISC d T : (5.16)
leC(kdis + kS) + kISC(kdis + kT) + (kdis + kS)(kdis + kT)
P = |, kisc (5.17)
To ks (kgis + ks) + kisc (kg + k) + (kgis + k) (kg + k)’
pr" = p7 = 0. (5.18)

By substituting Eqn. 5.16-5.18 into Eqn. 5.7, the photocurrent intensity under resonance

conditions can be given by:

2leC + kdis + kT
leC(kdis + kS) + kISC(kdis + kT) + (kdis + kS)(kdis + kT) .

IOff = kdiSIO (519)

In addition, substituting Eqn. 5.14 and Eqgn. 5.19 into Eqn. 5.6, the EDMR intensity
(Iepmr) can be expressed as follows:

Iepmr = lon — lofy

_ 2lokgsrkqiskisc(ks — kr) (5.20)
- AC ’
where
A = (Kt + kgio) (ks + ise + kais) + kisc (ks + kgis) (5.21)

C = kisc(ks + kais) (kgsr + kr + ki) (5.22)
+ (ks + kisc + kais) (et + ki) Bkesr + Kkt + ki) -

The analytical solution demonstrates that the sign of the EDMR signal can be determined
by the difference in the transition rate constants ks and kt. The EDMR signal is not
observed when kisc =0 and/or ks = kr. In addition, the EDMR intensity decreases when
ks and kr are sufficiently larger than the generation rate constant of the carriers (kais).

As previously mentioned, the population from |S1) to |S) is an appropriate
situation leading on from Rehm’s equation. However, the analytical solution with the
selective population to |7p) was also solved. Here, the analytical solution for the EDMR

based on the To-born model is shown in Scheme 5-2. The analytical solution of the EDMR

can be derived by solving the simultaneous rate equations for the !(e-h) and 3(e-h) pairs,
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as shown in Scheme 5-2. The rate constants ks, kr, kisc, and kgsr are independent of
temperature. The population density (p) of each spin sub-level under ESR conditions can
be obtained based on the To-bone model by solving the following simultaneous equations

using the steady-state approximation:

( dpgn on on on on
T = —kiscPs — kaisPs = — ksps + kiscp, =0
dprlo'gl on on on on
dr Iy = kiseps™ — kiscP1, — 2kesrpry, — kaisPT,
] —krp7, + kesrp7y + kesrpr” =0 . (5.23)
dp’(l){l on on on on
i kesrpT, — KesrPT, — kasPT, — ktP7, =0
dpr”

\ T4t kesrpT, — kesrPT — kasP?! — krp7! =0
The analytical solutions of the densities (p{™) are:

kisc(kgsr + kais + k)

kisc + kgis + ks) (k + kg + k
p%-)n — IO( ISC d ;3(-'-E}SR d T) ' (525)
k ke + kgs T k
pfr = p = I esi( T ), (5.26)
where
H = (ks + kisc + kais) (kr + kgis) Bkgsr + kt + kgis), (5.27)
I = leC(kS + kdis) (kESR +kr + kdis) . (5-28)

By substituting Eqn. 5.24-5.26 into Eqn. 5.7, the photocurrent intensity under resonance

conditions can be given by:

kisc(kgsr + kais + k) + 2kgsr (kise + kqis + ks)

+(kisc + kais + ks) (kgsr + kais + k) (5.29)
H+1 :

lon = kaislo
The analytical solutions of the photocurrent intensity and the population density (pf 4 )

for each spin sub-level under non-resonance conditions were obtained using the steady-
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state approximation by solving the following expression:

( dp;ff of f of f of f of f
dt —kiscPs T — kasps’ T — ksps' T + kiscPr,” = 0
dp;sz
o o o o
d: =1+ klscpsff - klscpq{f - kdispT({f - kTPT({f =0
{ 1,0Ff , (5.30)
P, —0
dt
de7” _ o
\ dt
The analytical solutions of the densities (pf I1 ) are:
k
of f ISC
pd’ =1 , 5.31
s ® (s + ks + ks) Chisc + kais + kr) — kise (5:31)
kISC + kdis + kT
p?{f=lo(k F kg + ks) Uase + ke + p) — kZp’ (5:32)
1sc T Rais T Ks)Kisc T Rais T KT Isc
prT =pi" =0. (5.33)

By substituting Eqn. 5.31-5.33 into Eqn. 5.7, the photocurrent intensity under resonance
conditions is given by:

ZkISC + kgis + kT
(kISC + kdis + ks) (kISC + kdis + kT) - klzsc

Lorr = kaislo (5.34)

Substituting Eqn. 5.29 and Eqgn. 5.32 into Eqgn. 5.6, the EDMR intensity (Igpmg) can be
expressed as follows:
Igpmr = lon — lofr

_ 2lokgsrkaiskisc (Kt — k) (ks + kyge + kais) (5.35)
AC ’

where 4 and C are Eqn. 5.21 and Eqn. 5.22, respectively. Using the same parameters,
Eqn. 5.35 obtained by the To-born model has the opposite sign of the signal in Eqn. 5.20
obtained using the S-born model.

Figure 5-15 shows the temperature dependence of ks, ks, and &r. The maximum
intensity of EDMR was obtained when the kqis value was close to those of ks and kt, which

was achieved at 200 K in the TIPS-Pn system studied in this work.
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Fig. 5-15. The temperature dependence of kqis (black curve; ko=1.4 x 10°s™!, E/kg = 1103
K), ks (blue curve; ko = 1.0 x 10? s71), and kr (red curve; ko = 1.4 x 107 s7!). The inset is

a logarithm scale for the vertical axis.

Figure 5-16 shows the temperature dependence of the populations (p;) of each
spin sub-level using the S-born model. Under off-resonance conditions, there was no
population of |7+) and |7-). However, under resonant conditions, non-zero populations of

|T+) and |T-) are generated with a decrease in the |S) population.

(@) o0 (b) 1o
08} 0.8
z ps" s
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Fig. 5-16. (a) The temperature dependence of the populations (p;) in each spin sub-level.
(ks=1.0x107s kr=2.0x10"s", ko=1.0x10°s™!, E/kg = 1000 K, kesr = 1.0 x 107 s,
and kisc = 1.0 x 107 s7!) under resonance conditions. (b) The same temperature

dependence under off-resonance conditions.
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Figure 5-17 shows the E/kg and ko dependence of the EDMR peak using the S-
born model. Although temperature width depends on the kdis, the maximum intensity was
independent of these parameters. The peak temperature according to the kqis parameter
shifts to the high temperature side as kais parameters (ko and E) increases and the peak

temperature is proportional to E/kg.

kg=kgsp=kjsc=1%x107 s71

kr=2%107 s71ky=1x10%s7?
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oo | WK £
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0 50 100 150 200 250 300 350 400 00 500 1000 1500 2000
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IIEST== §E>S<R137ké§€,75 /1k>; 1=01(§(;0 K .
© o \ (d) 1
~ 10000t X .
3 £ 10%
2 -20000 5 .
: .
£ -30000 % 10% e L
40000+ ko = - 1x107s™1 =
1

10" 10% 10° 10% 10™ 10%? 10%* 10
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Temperature / K

Fig. 5-17. (a) The E/ks dependence of the EDMR peak and (b) peak temperature vs.
activation energy (E/kg). (ks =1.0 x 107 s, kr=2.0 x 107 s, ko = 1.0 x 10° s7!, kgsr =
1.0 x 107 s7!, and kisc = 1.0 x 107 s7!). (c) The ko dependence of the EDMR behaviour
and (d) peak temperature vs. ko. (ks =1.0 x 107 7!, kr=1.4 x 107 s7!, E/ks = 1000 K, kgsr
=1.0x107s7! and kisc = 1.0 x 107 s7).

Figure 5-18 shows the simulated EDMR intensity dependence as a function of

kt using the S-born model. The analytical solution shows that the sign of the EDRM signal
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is determined by the difference in the rate constants, (ks—kt). EDMR is not observed when
ks = kr = 0. Although the 3(e—h) pair of the |To) state is mixing to !(e—h) pair of the |S)
state by the Ag mechanism, the *(e—h) pair of the |T+) and |7-) states are not mixing to
!(e~h) pair state. When ESR transition occurs the population of | To) is transferred to |T+)
and |7-). Thus, population of |S) decreases through the S-To mixing. Hence, the signal is
positive when ks > kr and negative when ks < kt. The EDMR intensity significantly
decreases when kr is sufficiently higher than k4is. The peak position depends on Akt when

krwas close to the other transition rate constants (kisc and kgsr).
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Fig. 5-18. The kr dependence of the EDMR behaviour: (a) kr = 10° to 107 s™! and (b) kr
=107 to 10%s7". (c) Peak temperature vs. kr. (d) Maximum intensity vs. kr (ks = 1.0 x 10’
s ko=1.0x10°s"", E/kg = 1000 K, kgsr = 1.0 x 107 s7', and kisc = 1.0 x 107 Sfl).
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Figure 5-19 shows the simulated kesr and kisc dependence of the EDMR
intensity using the S-born model. The temperature dependence of the EDMR peak vs.
kesr 1s similar to that of kisc. The peak position depends on kgsr and kisc, when kgsr and
kisc are close to the other rate constants. The behaviours were quite similar to those
presented in Fig. 5-17d, but a little change was observed. The EDMR signal was not
observed when kgsr = 0 and/or kisc = 0. The maximum intensity increases monotonically
with increasing kgsr and kisc. When the values of kgsr and/or kisc are more than two
orders of magnitude smaller than the other parameters, the signal is almost unobservable.
When the values of kesr and/or kisc are also two orders of magnitude greater than the

other parameters, the signal intensity approaches a constant value.
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Fig. 5-19. The kesr dependence of the EDMR behaviour: (a) Peak temperature vs. kgsr,
(b) maximum intensity vs. kesr. (ks = 1.0 x 107 s, k1 =2.0 x 107 57!, ko =1.0 x 10° s,
E/kg =1000 K, and kisc = 1.0 x 107 s ') and the kisc dependence of the EDMR behaviour,
(c) peak temperature vs. kisc, and (d) maximum intensity vs. kisc. (ks = 1.0 x 107 s7!, kr

=2.0x10"s ', ko=1.0 x 10° s™!, E/ks = 1000 K, and kesr = 1.0 x 107 s 7).
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5-5-7. Quantum Mechanical Simulations of the EDMR spectra

Quantum mechanical simulations using the stochastic Liouville equation were
performed to calculate accurately the effects of the electron spin resonance due to the
microwave rotational field and intersystem crossing due to the Ag mechanism. To
simulate the observed EDMR behaviour quantitatively and to clarify the excited-state
dynamics, the kinetic model of the mechanism shown in Scheme 5-1 was formulated in

the quantum mechanics utilising the stochastic Liouville equation of the density matrices.

This is given by:
dp h kd' kd'
d; = IO<|A5|> - ZIS (pehAS + A.S‘peh) - 215 (pehAT + ATpeh)
ks kr
— =5 (Pends + Aspen) = — (Pendr + Arpen) (5.36)
i
- E [Heh + H{e\/{iw" peh] )
Hep = pgB-g. Se+ugB-gn-Sn, (5.37)
HYY = 2ugB; - g, - Se cos(wt) + 2upBy g * Sy cos(wt) , (5.38)

where pen is the density matrix of the e~h pair. The first term, [y (|Ag|), on the right-hand
side represents the selective population to |S) of the e—h pair, states from the singlet
excited state, and |S1) by continuous photoirradiation. Ag and A; are the projection

operators to the doublet and triplet states in the e—h pair, respectively. They are given by:
Ag = |SKS], (5.39)
and

Ap = ZITixTil : (5.40)

where, Hg, and HX"-are the spin Hamiltonian of the e-h pair and that of the
interaction with the applied microwave, respectively. The ugB-g.-S. and ugB - gy -

S, are the Zeeman interactions with the external magnetic field (B), 2ugBi-g. -
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Secos (wt) and 2ugBq - gp - Spcos (wt) are the interactions between the e—h pair and
the oscillating microwave with angular frequency (), respectively. The rate constant of
the field-induced radical-pair intersystem crossing (kisc), which induces S-To mixing, is
assumed to occur via the 4g mechanism.

It should be noted that the density matrix and the Hamiltonians depend on 6, ¢,
@, B, and Bi. Here, 6, ¢, and ¢ are the Eularian angles depicting the rotation of the g
tensors from the molecular frame (X, Y, Z) to the laboratory frame (x, y, z) denoted by the
external magnetic field (// z-axis) and the microwave field (// x-axis). B and B are the
magnetic flux densities of the external static magnetic field and microwave, respectively.
In Eqn. 5.36-5.38, the weakly coupled basis representation (WC) was chosen, in which
the basis ke vectors were written as |S,, m,) |Sy, mpy).

To calculate the magnetic resonance effect, we moved from the laboratory frame
to the rotating frame with the angular frequency (w?) of the microwave. In the rotating

frame, this Liouville equation can be obtained as follows:

rot

dpeh
dt

kdlS kdlS

(pTOtAT + ATpTOt

= Io{|As]) — (pLpfAs + Asplph) —

_ 2 OtA +/1 roty __ OtA +/1 rot
(peh S sPeh ) (peh T Tpeh) (541)

rot M.W.rot _rot
Ty [H + Heh »Peh

+ (Spin Relaxation Ef fects),

and the spin Hamiltonians are expressed as follows:
HD' + HYY"°" = AA + BBe'®! + CCe™'®t + DDe?“t + EEe™?%t,  (5.42)

where AA — EE are given by:
AA = (971880 — hw)S7

ugB ] ,
+ (05— 195)5E + (05 +i05)S W+ (0lattsBo (o

ugB ] .
- hw)Sf + %{(gaiclx - lgaicly)S-I}} + (gyiclx + lgyfcly)SE}
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BBl

BB = {(gxz ig)elz)si + (gafclz - ig;z)s-ll}}-l_ggzﬂBBlSze+gJ}CLZHBBlS? (5'44)
B
cC = 21 {(g8, +195,)Se + (gl + igh,)S"}+9% upBiSE+ gl up By S (5.45)
DD_‘LLBBl{(e . e e h - h h 5.46
= Gxx — lgxy)5+ + (gxx - lgxy)5+} (5.46)
'uBBl e P 4€ e h r h h
EE = {(g8x +1ig%))se + (gl + igh))st}, (5.47)

In the e—h pairs, the anisotropy of the g tensors is small. Therefore, only the AA term,
which is time-independent, is addressed below because the non-secular terms BB, CC,
DD, and EE in Eqn. 5.42. can be neglected. The rate equation of Eqn. 5.41 was rewritten

in the Liouville space as follows:

dtplg}fot = I{l4s]) = Lenpy ™ + TP, (5.48)
where
Lrot Pt (t)11
Per @) =1 prot(t),, | (5.49)
and
k k
Len = = (As®E + E®A3) + (A ®E + E® A7) W5 > (45®E + EQA3)

(5.50)
k i
+ 7T (Ar®E + E®A}) — - (AAQE — EQAA").

Here, I is the spin-relaxation matrix and E is the unit matrix. The spin-relaxation

matrix can be expressed using the eigenfunction representation of Hen as follows:

r=rst+rem (5.51)
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1 E;
Eexp(—k—T)
oB 1 0 0 0 0 O 0
0 0000 0O 0
0 0 000 0O 0
1 E 110 0 0 0 0 0 0
SL 2
‘st =—| —exp(——T) [(E;|—=]0 0 0 0 0 0 0] (552
|z kg Tilo 0 0 0 0 1 0
0 T :
1 E4T 0 000 0O 1
ZeXp(kB)
and
0000 0 O 0
010 0 00 0
0 01 0 0 0 0
1/0 00100 0
rPMz—T—000010 0 (5.53)
Mo 0 0 O O O 0
0000 0O 0 o o0

Here, Z is partition function. I'land '™ are the spin-lattice relaxation and
phase-relaxation superoperators, respectively, written in the eigenfunction

representation. The I'SL acts on the 1, 6, 11, and 16 th elements of pé'}f"t and

'™ acts on the other elements of pﬁ'}f"t. (Er| isthe row vector representation of
E expressed in the Liouville space, which led to (E |pkr® = Tr{pkr°}. All
operators and density matrices in Eqn. 5.49, which are written in the WC basis
representation, are transformed to those in the eigenfunction representation using
the unitary transformation matrix, Uwcoeigen, Obtained from the eigenfunctions
of Hen in the WC basis representation. In the steady-state approximation of

dpl’°t/dt = 0, the solution of the density matrix is given by:

Pt = Ip(Len — 1) 7 Ag]). (5.54)

The steady-state density matrix of the e—h pairs, p.p, can be obtained directly from
pL°t. The density matrix and Hamiltonians depend on 6, ¢, ¢, B, and By, although

they have been omitted from the above equations. In the current study, the EDMR
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Is caused by the change in the efficiency of charge carrier generation from the e—h
pairs. The efficiency, in which the external magnetic field is applied to the (6, ¢)

direction in the principal axes (X, Y, Z), can be expressed as follows:

®(9: ¢; P, B, Bl) = (kdis/IO)Tr{peh(el (p' Y, B, Bl)} (555)

Because the molecules are oriented randomly in the sample, the averaged efficiency is

given by:

T (2T T
<¢(B,Bl))=% fo fo fo @(6,, ¢, B, By) sin 6 d9d¢de. (5.56)

The relative intensity of the EDMR for the photocurrent intensity can be calculated using

the averaged efficiency as follows:

; _(9(B,B,)) — (2(B,0))
EDMR — (@(B, O)) )

(5.57)

which can be used to compare the simulated and observed EDMR intensity (1.3%), as
shown in Fig. 5-6. The temperature dependence of the EDMR was calculated using Eqn.
5.56 as follows:

Iepmr % 1o{{@(B, B1)) — (@(B, 0))}. (5.56)

Figures 5-20 and 5-21 show the simulated Ag dependence and B dependence of the
EDMR intensity using the quantum mechanical simulations, respectively. For the slight

differences in the g-values, the EDMR behaviour is almost identical.
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Ag = 0.0001 (g, = 2.0023, g,, = 2.0024)
Ag = 0.0002 (g, = 2.0023, g,, = 2.0025)
Ag = 0.0003 (g, = 2.0023, g,, = 2.0026)
Ag = 0.0004 (g, = 2.0023, g,, = 2.0037)

Ag = 0.0010 (g, = 2.0023, g, = 2.0033)
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Fig. 5-20. The Ag dependence of the EDMR behaviour. (ks=3.0x10%s7!, kr =
1.5%x107s 1 ko=1.0x10°s"!, E/kg=1103 K, and B; =0.050 mT.)
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Fig. 5-21. The B: dependence of the EDMR behaviour. (ks=3.0x10°s"!, kr =
15%107s ", ko=1.0x 10°s™", E/kn=1103 K, ge=2.0023 and g =2.0025)
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Using Eqn. 5.56, the simulation reproduced the observed EDMR behaviour, as
shown in Fig. 5-22, when the rate constants and activation energy are ks=3.0x 10%s7!,
kr=1.5x10"s"! k=1.0x10"s"!, and E/ks=1103 K, respectively, and the g values and
microwave field are g.=2.0023, gn=2.0025, and B1=0.050 mT, respectively. Thus, the
temperature-dependent EDMR behaviour was successfully simulated by solving the
stochastic Liouville equation numerically under steady-state conditions (dpendt = 0).
Under this condition, the change in intensity of the EDMR was approximately —1.3% at
200 K, which was in agreement with the experimental result obtained via direct
measurements. An E/kg value of 1103 K was used for the simulation, which was
determined using least-squares fitting, as shown in Fig. 5-3. The g-value of the electron
was assumed to be the same as that of the free electron (g.=2.0023) and the g-value of
the hole used was the literature value of the TIPS-Pn cation (gn =2.0025).1% There is little
change in the EDMR due to small differences in g-values. Although there is ambiguity
regarding the choice of kinetic constants ks, kt, and ko because their experimental values
are unknown. The relative ratios of rate constant (ks, kt, kisc, kesr and ko) are relevant
because the shape of the simulated curves and the sign of the EDMR depend on those
ratios. Under the limitation of ks¢r) + kais = ks(r) + ko exp(—E/ksT) = 1.5 x 107 s7! (at T=
80 K), 4.3 x 107 s! (at T=310 K) < 8.6 x 107 s! (from linewidth), and ks < kr (the
condition to give a negative sign for the EDMR), an appropriate set of ks, kt, and ko values
were chosen (not a unique solution). These rate constants were comparable to that of the
kinetic constants used in the photogenerated radical pairs in the organic solution.!'®
Actually, in the EDMR studies of solution systems, the lifetime of radical pairs (e-h pairs)
is determined by transient pulse EDMR technique.''® Furthermore, the combination to the

time-resolved EDMR will give the estimation of the life-time of the e-h pair.
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Fig. 5-22. Temperature dependence of the integral signal intensity (black dots) and the

simulation curve using Eqn. 5.56 (red curve; ks=3.0x10°s!, kr = 1.5%x107s},

ko=1.0x10"s™", and E/ks=1103 K, ge=2.0023, gn=2.0025, and B1=0.050 mT).
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5-6. Summary
In conclusion, TIPS-Pn VVD films have been evaluated by studying the

temperature dependence of the photocurrent and EDMR. The prepared TIPS-Pn VVD
films were found to be polycrystalline films using absorption spectroscopy. Photocurrent
and EDMR measurements in air and in the N> atmosphere indicate that atmospheric
oxygen is the source of the traps observed in the band gap. The temperature dependence
of the photocurrent and EDMR behaviour were well interpreted through the intermediate
e—h pair, which was generated from the singlet excited state of TIPS-Pn to the
photogenerated carrier. The activation energy from the e—h pair to the charge carrier was
determined to be £/kg = 1103 K based on the temperature dependence of the photocurrent.
The EDMR spectra can be decomposed into two components (one is due to a high-
mobility e-h pair and the other is a low-mobility e—h pair, which may be attributed to the
different pathways of conduction) using the out-of-phase signals in the quadrature
detection with a lock-in amplifier. The EDMR spectrum obtained via direct detection
without a lock-in amplifier shows a reduction in the photocurrent of ~1.3% at 200 K. This
corresponds to the maximum intensity. The linewidth and intensity of the EDMR depends
on the temperature. The linewidth of the low-mobility e—h pairs is almost independent of
temperature, while the linewidths of the high-mobility e-h pairs show broadening due to
relaxation at temperatures > 200 K. The spectral intensity of the EDMR signal increased
from 80 to 200 K and then decreased from 200 to 310 K. The temperature dependence of
the EDMR was calculated using quantum mechanical simulations of the excited state and
carrier dynamics of the e-h pair as well as the analytical solution for the kinetic rate
equation. Therefore, the mechanism of the photoinduced carrier generation and the spin
dynamics in the TIPS-Pn VVD film (a representative photostable pentacene derivative)
were elucidated in detail, which will provide useful information for the design of efficient

devices utilizing pentacene derivatives or similar organic semiconductor materials.
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Chapter 6.

Conclusion

In this dissertation, a protocol used to evaluate the mechanism of photocurrent
generation in organic thin films has been established. Weak CT complexes, such as
Py/DMPI and Py/PMDA, have been chosen as the target compounds to establish a
protocol used to evaluate the mechanism. The excited-state and carrier dynamics related
to photocurrent generation were clarified using a combination of several measurements.
The carrier generation process via weakly interacting spin pairs was revealed by
measuring the MFE of the photocurrent and the temperature dependence of the
photocurrent, TRESR, and EDMR. Based on this approach, the protocol was applied to
TIPS-Pn VVD film. Thus, the temperature dependence of the photocurrent and EDMR
measurements, and quantum mechanical simulations of the excited state dynamics of a
weakly interacting radical pair were carried out to clarify the mechanism of the
photocurrent generation of the TIPS-Pm. The photocurrent generation mechanism and
excited state dynamics in the TIPS-Pn VVD film were clarified in detail. The main results

obtained from this thesis work are summarized below.

The photocurrent and MC effect were measured in Py/DMPI and Py/PMDA VVD
films. The MC effect increases by ~1.2% at 200 mT in the VD films. The MC behaviour
is reasonably explained by assuming two types of collision mechanisms (DD and TD pair
mechanisms), which occur between the geminate e—h pair as well as between the trapped
triplet excitons and carrier (3ex—?2c or 3cs2c). The unknown parameters necessary for the
simulation of the excited stare dynamics related to photocurrent generation were
evaluated using X-ray analysis, MO calculations, TRESR of Py/DMPI and Py/PMDA,
and EDMR. In the simulation of the DD pair mechanism, the maximum MC effect was
calculated to be < 3%, whereas in the simulation of the TD pair mechanism, the maximum
MC effect was calculated to be > 500% depending on the specific conditions used. This

simulation result for the TD-pair mechanism may shed light on the origin of the giant
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MFE. The trapped triplet excitons and weakly interacting e—h pairs assumed in this
simulation were observed by TRESR and EDMR. The mobile triplet exciton was
observed from TRESR for the Py/DMPI single crystals and temperature variation
measurements showed that many triplet excitons were trapped even at room temperature.
The weakly interacting e-h pair was detected using the EDMR of the Py/DMPI VVD
film. The temperature variation measurements determined the activation energy from the

electron-hole pairs to mobile carriers.

The carrier generation process of TIPS-Pn was clarified by studying the temperature
dependence of the photocurrent and EDMR. Using the out-of-phase signal measurement
in the quadrature detection with a lock-in amplifier, the EDMR spectra can be
decomposed into two components in which one is due to a high-mobility e-h pair and the
other is a low-mobility e~h pair. Their mobility difference may be attributed to the
different pathways of conduction. The EDMR intensity depends on the temperature. The
spectral intensity of the EDMR signal increased from 80 to 200 K and then decreased
from 200 to 310 K. Direct detection of the EDMR signal using the picoammeter instead
of the lock-in amplifier showed that ~1.3% of the photocurrent was decreased at 200 K.
The temperature dependence of the EDMR was simulated using quantum mechanical
simulations of the excited state and carrier dynamics of the e—h pair as well as the
analytical solution of the kinetic rate equation. The simulation reproduced the observed
temperature dependence of the EDMR signal intensity. This simulation revealed that the
weakly interacting e—h pair is first generated from the photoexcited state in the TIPS-Pn

VVD film and mobile carriers are generated from the e—h pairs upon thermal excitation.

The methods used to measure the change in the physical properties due to a
magnetic field or ESR transitions are a non-destructive and selective way to observe the
photo-carrier generation dynamics. The methodology established in this paper may lead
to a useful approach to evaluate the carrier dynamics of organic semiconductor thin-film

devices such as OLEDs and OSCs.
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Appendix.

Analysis of the Temperature Dependence
of EDMR on Py/DMPI using the S-Born
Model

In Chapter 5, the temperature dependence of EDMR is studied in detail using
the TIPS-Pn film. In this Appendix, the temperature dependence of EDMR on the
Py/DMPI film obtained in Chapter 4 is analysed using the S-Born model. The activation
energy of the carrier generation from the e—h pair was used E/kg = 1507 K which is the
value estimated from the temperature dependence of the photocurrent on the Py/DMPI
film. Because direct detection has not been measured of the EDMR signal change using
the picoammeter instead of the lock-in amplifier, the respective transition rates cannot be
determined correctly. However, the rate constants of Py/DMPI are estimated of transition
from the '(e-h) pair to the ground state and from the *(e~h) pair to the excited triplet state
are estimated as ks = 1.0 x 103 s ™" and kr = 1.7 x 108 s! in Chapter 3. Although this value
is not unique, it was used as is in this simulation. The signal sign was assumed to be
negative as well as for TIPS-Pn thin films. When other parameters are assumed ko = kgsr
= kisc = 1.0 x 107 s!, the simulation curve is obtained shown in Fig. A-1. It should be
noted that, these parameters other than activation energy may not be appropriate. The
simulation curve is a reproduction of the approximation obtained by the temperature
dependent EDMR. Hence, the S-born model discussed in Chapter 5 may be a general

model to describe temperature dependence EDMR behaviour.
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Fig. A-1. Temperature dependence of the integral signal intensity of Py/DMPI (black
dots) and the simulation curve using Eqn. 5.20 (red curve; E/kg=1507 K, ks = 1.0 x 108
s kr=17x108s", ko=1.0x10"s™", kgsr = 1.0 x 107 s7!, and kisc = 1.0 x 107 s71).
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