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Highly fluorescent molecules harnessing excited-state intramolecular proton
transfer (ESIPT) process are very promising for many optoelectronic
applications including future displays, new generation light sources, and bioimaging agents because they can offer very unique photophysical properties
compared to conventional fluorescent dyes. In this thesis, various
multifunctional substituents are introduced into 2-(2’-hydroxyphenyl) azole,
which is the core unit of highly emissive ESIPT molecule HPI, to control the
related

optoelectronic

properties

and

to

establish

structure-property

relationship between them. Furthermore, utilizing the unique and beneficial
properties of the newly designed molecules, novel and innovative concepts
are provided, which can make a breakthrough for challenging issues in
various optoelectronic applications including molecular pixel system, OLEDs,
and fluorescent zinc sensors.
In Chapter II, for the first step to realize innovative ESIPT
optoelectronic applications, we developed a general molecular design strategy

i

for a wide-range spectral tuning of azole-containing ESIPT materials based on
two different approaches: conjugation length and substitution approach. A
series of fifteen ESIPT molecules were designed, synthesized and
comprehensively

investigated

for

their

photophysical

properties

by

experimental methods as well as theoretical calculations.
In Chapter III, we report a full-color molecular pixel system
composed of RGB emitting ESIPT dyes, each of which has delicately tailored
Stokes shift and independent emission capability completely free from energy
transfer crosstalk between them. It is demonstrated that the whole range of
emission colors enclosed within the RGB color triangle on the CIE 1931
diagram is predictable and conveniently reproducible from the RGB
molecular pixels not only in the solution but also in the polymer film. It must
be noted that mixing ratios to reproduce the desired color coordinates can be
precisely calculated based on additive color theory according to their
molecular pixel behavior.
In Chapter IV, we report efficient thermally activated delayed
fluorescence (TADF) from hydroxyl-substituted tetaphenyl imidazole
derivatives into which electron donating and accepting groups are
systematically introduced. Upon excitation, excited-state intramolecular
proton transfer (ESIPT) of the imidazole molecules triggers spatial separation
of HOMO and LUMO on the donor and acceptor fragments, respectively,
resulting in an extremely small singlet-triplet energy.
In Chapter V, we prepared a new fluorescent zinc sensor (HNBODPA)

consisting

of

2-(2′-hydroxy-3′-naphthyl)benzoxazole

(HNBO)

chromophore and a zinc-specific di(2-picolyl)amine (DPA) receptor and
examined for zinc bioimaging. It is noteworthy that fluorescence response of
the probe to zinc ions is conserved over a broad pH range with excellent
selectivity due to its unique fluorescence response mechanism. The results

ii

obtained from the in vitro and in vivo imaging studies demonstrate the
practical usefulness of the probe to detect zinc ions.
Keywords: Excited-State Intramolecular Proton Transfer, Fluorescence,
Molecular Pixel, Fluorescence Sensor, Thermally Activated Delayed
Fluorescence, Organic Light-Emitting Diode
Student Number: 2006-20816
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Chapter I. Introduction
I-1 Introduction: Light, Vision and Optoelectronics
Vision is the sense that human beings rely on the most for their information in
everyday life. People perform daily activities and communicate each other by
assimilating the visual information which are transmitted to the retina of their
eyes in the form of light.1 Vision, therefore, would not exist without the
presence of light. Light is electromagnetic radiation which is emitted by a
light source such as the sun, stars, incandescent bulbs, fireflies and
luminescent materials.2 Optoelectronics is at the crossroads of electronics and
optics, and thus covers the study of materials which are capable of generating,
manipulating and converting light.3,4 This kind of materials can be used for
applications

such

as

communications,

displays,

imaging,

memory,

biophotonics, energy generation and lighting. Hence, the importance of this
research field cannot be overstated because it affects our everyday lives, from
the basic use of TV screens to the complex areas of industries and medical
science.
In this thesis, azole-based fluorescent materials harnessing excitedstate intramolecular proton transfer (ESIPT) process were developed for
various optoelectronic applications including molecular pixel system, organic
light-emitting diodes (OLEDs), and chemosensors.
Before all, in this introductory chapter, a brief introduction to
theoretical background and fundamental photophysical properties of organic
optoelectronic materials are given. Then, ESIPT process and related
1

photophysical properties, optoelectronic applications are discussed on the
basis of materials aspect. Finally, research objectives of the thesis will be
presented.

I-2 Luminescence
Luminescence is spontaneous emission of radiation from an electronically
excited species not in thermal equilibrium with its environment;5 it is thus
considered as cold light opposed to incandescence.6 There are various types of
luminescence which are classified according to the source types of excitation
energy. In particular, photoluminescence is the emission of light from excited
species caused by absorption of photons.7 Fluorescence, phosphorescence,
and delayed fluorescence are well-known forms of the photoluminescence. If
the excitation energy comes from an electric current or an electric field, the
excited species emit electroluminescence which is utilized in OLEDs as a key
phenomenon.8 There are also other types of luminescence that differ by the
mode of excitation as follows: chemiluminescence (excitation as a result of
chemical reaction), bioluminescence (excitation as a result of in vivo
biochemical reaction), cathodoluminescence (excitation by an electron beam),
radioluminescence (excitation by penetrating radiation, i.e., X-, α-, β-, and γrays), sonoluminescence (excitation by ultrasound), and triboluminescence
(excitation by mechanical stresses).6,7
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I-3 De-excitation (Relaxation) Processes of Excited
Molecules
Once a molecule is excited by absorption of a photon or electric fields, it can
return to the ground state with emission via radiative de-excitation processes
(i.e., fluorescence and phosphorescence), but it can also undergo various nonradiative de-excitation processes including vibrational relaxation, internal
conversion (IC), intersystem crossing (ISC), intramolecular charge transfer,
and conformational change.7 Interactions in the excited state with other
molecules may also compete with the radiative processes if they take place on
a time-scale comparable with the lifetime during which the molecules stay in
the excited state; these include electron transfer, proton transfer, energy
transfer, excimer, and exciplex formation (see Figure I-1). The characteristics
of emission (i.e., spectrum shape, emission wavelength, quantum yield, and
lifetime), which are the result of the radiative process competing with other
non-radiative processes, should be affected by any de-excitation process
involving interactions with other molecules in its close environment. The
characteristics, therefore, can provide information on a microenvironment
surrounding the excited molecules. Figure I-2 shows the physical and
chemical parameters of the microenvironment that can affect the emission
characteristics of a molecule.
The details about de-excitation processes especially related to the
thesis are discussed in the following sections.
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I-4 Electronic Transitions
Photophysical Processes

and

Intramolecular

I-4.1 Absorption
A Jablonski diagram (see Scheme I-1) is an energy diagram that schematically
illustrates the electronic states of a molecule and the possible transition
processes between them.9 The singlet electronic states are denoted by S0
(ground state), S1, S2, … and the triplet states, T1, T2, … Vibrational energy
levels are associated with each electronic state.
When a molecule absorbs a photon that have an energy
corresponding to the energy difference between two different eigenstates of
the molecule, an absorption transition occurs. It should be noted that
absorption is a very fast transition (~ 10-15 s) with respect to all other
processes and does not change the direction of the electron spin.10 It thus
typically brings a molecule from the lowest (ground) electronic state to one of
the vibrational levels of singlet excited states (see Scheme I-1) without any
concomitant displacement of the nuclei according to the Franck-Condon
principle.5
Once a molecule is excited to an energy level higher than the lowest
vibrational level of the first electronic excited state S1, internal conversion and
vibrational relaxation lead the excited molecule towards the lowest vibrational
level of the S1 state with a time-scale of 10-12–10-9 s.7,10 Internal conversion
and vibrational relaxation are non-radiative transition pathways where the
energy is given away to other vibrational modes as kinetic energy.

5

Internal conversion to S0 from S1 is, however, much less efficient
than the conversion between excited states due to a lack of energy state
overlap and a large energy gap between S0 and S1. As a result, it allows the
excited molecule to have a sufficient time to undergo other de-excitation
processes.
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Wavelength

Scheme I-1. Jablonski diagram and schematic illustration of the relative
positions of absorption, fluorescence, and phosphorescence spectra. Solid
arrows indicate radiative process, whereas dotted lines indicate non-radiative
process.
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I-4.2 Fluorescence
At the first excited state S1, a radiative de-excitation process called
fluorescence occur with a time-scale of 10-9–10-7 (see Scheme I-1).7 It should
be noted that the emission of a photon is as fast as absorption of a photon (~
10-15 s).10 However, excited molecules stay in the S1 state for a certain time
before emitting a photon or undergoing other de-excitation processes such as
internal conversion and intersystem crossing. Thus, the average lifetime of the
molecules in the S1 state can be characterized by measuring the lifetime of
fluorescence.
In general, the 0–0 transition energy is the same for absorption and
fluorescence. But, the fluorescence spectrum is typically located at lower
energy than the absorption spectrum. This phenomenon, known as Stokes
shift,5 is because the energy is lost in the excited state due to the internal
conversion and the vibrational relaxation processes. In addition, the
fluorescence spectrum is a mirror image of the absorption spectrum because
the vibrational levels of the excited states resemble those of the ground state
and the electronic transitions occur vertically according to the Franck-Condon
principle.
The fluorescence quantum yield ΦF is the efficiency of the
fluorescence process and defined as the ratio of the number of photons
emitted to the number of photons absorbed. In other words, the fluorescence
quantum yield is the fraction of excited molecules that return to the ground
state S0 with emission of fluorescence:

7

krS
number of photons emitted
=
ΦF
=
number of photons absorbed krS + knrS

(I-1)

where krS is the rate constant for radiative de-excitation from S1 to S0 with
fluorescence emission and knrS is the rate constant for non-radiative deexcitation from S1 to S0.
Because the lifetime of the excited state τs is given by

τs =

1
,
k + knrS

(I-2)

S
r

the non-radiative and the radiative rate constants can be easily calculated from
experimentally measured ΦF and τs values by means of the following
relations:

krS =
=
knrS

ΦF

(I-3)

τS

1

τS

(1 − Φ F )

(I-4)

I-4.3 Intersystem Crossing and Phosphorescence
Intersystem crossing (ISC) is a non-radiative transition between two
electronic states of different spin multiplicity as shown in Scheme I-1.7
According to the selection rules, a transition between states of different spin
multiplicity is in principle forbidden, but the intersystem crossing is most
common in heavy-atom molecules (e.g. those containing Br, I, Pt, or Ir) due to
spin-orbit coupling.10
After an excited molecule in the singlet excited states move to the
triplet excited states via intersystem crossing, vibrational relaxation brings it
8

into the lowest vibrational level of T1. Then a radiative de-excitation process
from T1 to the singlet ground state often occurs known as phosphorescence. In
fact, because a transition in spin multiplicity takes place, phosphorescence is
also forbidden and thus is very slow with a time scale of 10-6 to 10-3 s. The
phosphorescence spectrum is typically located at longer wavelengths than the
fluorescence spectrum because the energy of the lowest vibrational level of T1
is lower than that of S1.
The

quantum

yields

of

intersystem

crossing

(Φisc)

and

phosphorescence (ΦP) are given by

=
Φisc

ΦP =

kisc
=
kisc τ S
S
kr + knrS

(I-4)

krT
Φisc
krT + knrT

(I-5)

where kisc is rate constant for intersystem crossing, krT is rate constant for
radiative de-excitation from T1 to S0 with phosphorescence emission, and knrT
is rate constant for non-radiative de-excitation from T1 to S0.

I-4.4 Delayed Fluorescence
It is possible that the observed lifetime of fluorescence from S1 is much longer
than that expected based on the prompt fluorescence emission. There are two
types of delayed fluorescence according to the mechanism of reverse
intersystem crossing (RISC) from T1 to S1: E-type and P-type delayed
fluorescence.7
When the energy difference between S1 and T1 is small and the
lifetime of T1 is long enough, thermally activated RISC from T1 to S1 can
9

occur called thermally activated delayed fluorescence (TADF). Because the
populations of S1 and T1 are in thermal equilibrium, the lifetime of delayed
fluorescence and the concomitant phosphorescence are equal. It should be
noted that the efficiency of delayed fluorescence increases with increasing
temperature. It is also called E-type delayed fluorescence.
Triplet-triplet annihilation (TTA) caused by a collision between two
molecules in the T1 state can produce one molecule in the S1 state. It is called
P-type delayed fluorescence and the lifetime of delayed emission is half the
value of the concomitant phosphorescence.

I-5 Intermolecular Photophysical Processes
I-5.1 Overview
In the previous section, intramolecular (intrinsic) de-excitation pathways of
excited molecules were discussed. Because the excited molecules stay in S1 or
T1 states for a certain time (i.e., excited-state lifetime τ), the molecules can
interact with other molecules and thus lead intermolecular de-excitation
processes competing with the intrinsic processes. There are various
intermolecular photophysical de-excitation processes including electron
transfer, excimer formation, exciplex formation, proton transfer, and energy
transfer,

which

can

affect

the

fluorescence

(or

phosphorescence)

characteristics.7 In this section, particularly, energy transfer process will be
mainly discussed for the thesis.
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Energy transfer from an excited molecule D* (D denotes donor) to a
ground-state molecule A (A denotes acceptor) occurs when the emission
spectrum of D overlaps the absorption spectrum of A.11 There are two types of
energy transfer according to whether or not the radiative process occurs from
the donor.

I-5.2 Radiative Energy Transfer
In radiative energy transfer, a photon emitted by a donor D is re-absorbed by
an acceptor A (see Figure I-3a).7 This process is often called trivial energy
transfer and is observed when the average distance between D and A
molecules is larger than the wavelength of emission. This type of energy
transfer does not require any interaction between D and A molecules, but it
depends on the spectral overlap and on concentration.
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Figure I-3. Schematic illustration of energy transfer process: (a) radiative
(trivial) energy transfer process (b) singlet-singlet Förster resonance energy
transfer (FRET) via dipole-dipole interaction. (c) singlet-singlet, (d) triplettriplet Dexter energy transfer via electron exchange.
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I-5.3 Förster Resonance Energy Transfer
Non-radiative energy transfer occurs at distances less than the wavelength
without emission of photons from D molecules. This kind of energy transfer
results from short- or long-range interactions between D and A molecules.7,11
Non-radiative energy transfer from D to A molecules through longrange dipole-dipole interactions is called Förster Resonance Energy Transfer
(FRET).11 The mechanism of FRET is based on resonance between two
oscillating dipoles. When an excited molecule has an oscillating electric field
which is energetically matched to that of a nearby molecule in its ground state,
the two dipoles can be Coulombically coupled. Then, the excited state energy
of D can be transferred to A without exchange of electrons, bringing the
excited D molecule to the ground state and the ground state A molecule to the
excited state (see Figure I-3b).
The extent of FRET is largely depends on three factors: the overlap
between fluorescence spectrum of D and absorption spectrum of A, the
orientation between the dipoles of D and A molecules (κ), and the distance
between D and A molecules (rDA). The rate of FRET is given by

k ET =

Φ Dκ 2  9000 ( ln10 ) 
J λ
6 
5
4  ( )
τ D rDA
128
π
Nn



(I-6)

where ΦD is the quantum yield of D in the absence of A, n is the refractive
index of the medium, N is Avogadro’s number, τD is the lifetime of D in the
absence of A, and J(λ) is the spectral overlap integral calculated as
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∞

J ( λ ) = ∫FD ( λ ) ε A ( λ ) λ 4 d λ

M-1 cm-1 (nm)4

(I-7)

0

where FD is the normalized emission spectrum of D, and εA is the molar
extinction coefficient of A.
The efficiency of FRET is the fraction of photons absorbed by D
which are transferred to A. The fraction is given by

E=

k ET
=
τ + k ET
−1
D

1
r
1 +  DA 
 R0 

6

(I-8)

where R0 is the Förster distance at which the energy transfer efficiency is
50 % and is given by
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R0

1
 9000 ( ln10 )

2
−4 2
6
Φ
Φ
Å
0.211
J
n
J
κ
λ
κ
λ
(
)
(
)
(
)
=

D
D
5
4
128
Nn
π



(I-9)

It must be noted that the FRET efficiency depends on the D-A
distance rDA with an inverse 6th power law and thus the transfer typically
occurs within 2 ~ 10 nm.
The energy transfer efficiency can be practically measured using the
relative fluorescence intensity or lifetimes of D, in the absence (FD and τD)
and presence of A (FDA and τDA) molecules:

E=
1−

FDA
τ
=
1 − DA
FD
τD

(I-10)

I-5.4 Dexter Energy Transfer
Dexter type energy transfer mechanism is based on electron exchange that
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requires a wavefunction overlap between D and A molecules, which can occur
at very short distances.7 When the electron clouds of excited D and ground
state A molecules overlap each other, an electron from the LUMO of excited
D (D*) can be transferred to the LUMO of A and simultaneously an electron
from the HOMO of A transferred to the HOMO of D* (see Figure I-3c and d).
This exchange mechanism is based on the Wigner spin conservation rule and
thus triplet-triplet energy transfer could be possible as well as singlet-singlet
energy transfer. On the contrary, only singlet-singlet energy transfer can
happen when undergoing Förster-type energy transfer.
The rate constant for Dexter energy transfer is given by

 −2rDA 
k Dexter = K J Dexter exp 

 L 

(I-11)

where K is an experimental factor, L is the sum of van der Waals radii of D
and A, and JDexter is the spectral overlap integral defined by
∞

J Dexter = ∫FD ( λ ) ε A ( λ ) d λ

(I-12)

0

with the normalization condition as follows
∞

D (λ ) dλ
∫F=
0

∞

(λ ) dλ
∫ε=
A

1

(I-13)

0

Because both the absorption spectrum of A and the emission
spectrum of D are normalized to unity, JDexter does not depend on the
magnitude of εA. The rate constant for Dexter energy transfer is, therefore,
independent of the oscillator strength of the D* → D and A → A*
transitions, in contrast to FRET. It should be noted that the kDexter decays
15

exponentially as the distance between D and A (rDA) increases. It means that
the transfer typically occurs within 10 ~ 20 Å.

I-6 Excited-State
(ESIPT)

Intramolecular

Proton

Transfer

The intra- or intermolecular proton transfer reaction is considered to be one of
the most important processes in chemistry and biology.12 Various kinds of
proton transfer reactions occur in the ground- or excited-states, either
adiabatically or non-adiabatically.13 In particular, excited-state intramolecular
proton transfer (ESIPT) has attracted great attention from both theoretical and
experimental viewpoints due to its unique photophysical properties such as
large Stokes shifted fluorescence (6000‒12000 cm-1), no self-reabsorption,
and an easy population inversion.14 In addition, it is also striking that ESIPT
process is extremely fast (kESIPT > 1012 s-1) and proceeds even in rigid glasses
or at very low temperatures.15
Since A. Weller reported the first observation of ESIPT of salicylic
acid in 1950s,16 a huge number of molecules showing ESIPT have been
developed including derivatives of benzophenone, flavone, anthraquinone,
pyridyl, quinoline, quinoxaline, benzazole, azole, diazole, triazole, and
salicylidene aniline (see Figure I-4).17-27 Naturally, research on ESIPT
materials has been extensively carried out for fundamental photophysical
properties and proton transfer dynamics as well as practical and potential
applications.28-31
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Figure I-4. Molecular structures of representative ESIPT molecules.

I-6.1 Principles of ESIPT
The ESIPT process requires an intramolecular hydrogen bond between a
proton donor (i.e., –OH, –NH2) and a proton acceptor (–C=O, –N=) in close
proximity to each other in a molecule.14,15 In the electronic ground state,
ESIPT molecules typically and exclusively exist as an enol (E) form, which is
better stabilized by the intramolecular hydrogen bond. Upon electronic
excitation, however, the redistribution of electronic charge occurs, leading to
an increase in acidity of the proton donor and basicity of the proton acceptor.
The proton therefore moves from the proton donor to the proton acceptor
through the intramolecular hydrogen bond, resulting in a tautomeric
17

transformation from the excited enol form (E*) to the excited keto form (K*)
in sub-picosecond time scale. After radiative or non-radiative de-excitation
process from K* to the ground state keto form (K), reverse proton transfer
occurs to the initial E form completing a four-level photocycle (see Scheme I2).

Enol Form (E)

Keto Form (K)
O H

O H

N

N

E*
enol
absorption

K*

enol
emission

keto
emission

K

E
E*em

K*em

Eabs.

Wavelength

Scheme I-2. Schematic representation of ESIPT photocycle and relative
position of enol absorption, enol emission, and keto emission spectra.
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I-6.2 Fundamental Photophysical Properties
The ESIPT process cause the transient chemical change from E to K tautomer
accompanying transient alternations of electronic properties including
electron density distribution, energies of electronic state, and dipole
moments.31 Due to the transient transformations during the ESIPT process,
totally different molecular species absorb and emit a photon, respectively (i.e.,
E form absorbs and K form emits light, respectively). Therefore, the ESIPT
molecules typically exhibit largely Stokes shifted (6000–12000 cm-1)
fluorescence without self-reabsorption. Most of the ESIPT molecules emit
visible light from blue to red while absorb only UV light.
Although ESIPT proceeds extremely fast and is energetically favored
in almost all of the systems, the ESIPT process is often disrupted by
interaction with surrounding media.32-39 Intermolecular hydrogen bonds
formation

with

solvent

molecules32-35

and

protonation/deprotonation

according to pH of surrounding media36-39 can break the intramolecular
hydrogen bond which is essential for the ESIPT process, leading to the
formation of various isomers. In addition to the preformed intramolecular
hydrogen bond, the conformational requirement for the ESIPT process is quite
strict due to its extremely fast proton transfer rate precluding any large scale
geometry change during the ESIPT photocycle. As a result, ESIPT molecules
often exhibit multiple emission bands which originate from its initial E and
proton-transferred K form as well as its rotamers and protomers. Furthermore,
emission intensities and wavelength of each band are subjected to vary with
delicate microenvironment changes, because ESIPT accompanies complicated
19

transient chemical and electronic changes.
For example, in the derivatives of 2-(2’-hydroxyphenyl)-benzazole,
there are two possible intramolecularly hydrogen bonded rotamers, E and E’
(see Scheme I-3).32 In polar solvents, rotameric equilibrium exists between E
and E’, and thus emission band arise from non-proton transferred rotamer E’
in the short-wavelength region. Arai and coworkers have also found that the
K* can be decayed without emission by undergoing photochemical E-Z
isomerization to give ground state Z-keto isomer (Kz). The Kz form is also
unstable in the ground state and readily returns to E form as shown in Scheme
I-3.
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Scheme I-3. Schematic representation of ESIPT photocycle of 2-(2’hydroxyphenyl)benzazoles and their rotamers
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On the other hand, 2-(2’-hydroxyphenyl)-benzimidazole (HBI)
derivatives can be protonated or deprotonated depending on pH of solution.36
In acidic solution, HBI showed slightly red-shifted absorption and blueshifted emission with normal Stokes shift compared to those in neutral
solution, which is attributed to protonation of imidazole core (see protonated
cationic form C in Scheme I-4). In principle, ESIPT cannot occur in the
cationic form C; however, K* emission band is often mainly showed up in
acidic condition due to excited-state intermolecular proton transfer to water
(i.e., deprotonation in excited state). In contrast, it is observed that new CT
absorption band arise in the long-wavelength region accompanying a blueshifted intense fluorescence emission with a normal Stokes shift due to
deprotonation of HBI in basic condition (see deprotonated A form in Scheme
I-4).

*
H
N

O

N
H

Excited state
deprotonation
H
N

H
O

N
H

Protonated C Form
(λ em=370nm)

H

pKa1

N

O

ESIPT

H
N
N
H

N
H

Neutral HBI
(λ em ,enol= 350 nm, λ em ,keto= 447 nm)

O

pKa2

N

O

N
H

Deprotonated A Form
(λ em = 418 nm)

Scheme I-4. Schematic representation of protomers and prototropic equilibria
of HBI and their absorption/emission maxima.
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I-6.3 Harnessing ESIPT process for Optoelectronic Applications
Conventionally, potential of ESIPT materials for optoelectronic applications
has been widely studied based on its unique and beneficial photophysical
characteristics. For example, large Stokes shift and readily backward proton
transfer in the ground state after radiative decay of K form have been
successfully applied to UV stabilizers,40 solar concentrators,41 and organic
radiation scintillators.42 In addition, intrinsic four-level photocycle of ESIPT
process facilitating an easy population inversion in the emissive K form
provided an ideal framework for the proton transfer lasers.43 Recently, ever
increasing number of papers report on optoelectronic applications including
fluorescence sensors, imaging, optical memories, OLEDs and white OLEDs
(WOLEDs).44-50,30
Despite notable success in various field of optoelectronic
applications, research works aiming at practical optoelectronic applications
which harness ESIPT process are still rather limited and often suffer from low
emission efficiency, undesirable emission band arising from various preexisting isomers, and environment-sensitive spectral changes.

I-7 Research Objectives
Aiming at optoelectronic application of ESIPT molecules, higher emission
efficiency combined with delicately tuned spectral properties are basically
demanded. However, the fluorescence efficiency of largely Stokes shifted K*
emission is typically very low due to various non-radiative deactivation

22

pathways of K* state including concentration quenching, deactivation by preexisting isomers, and twisted intramolecular charge transfer (TICT).51
Recently, various approaches to suppress those deactivation pathways and
thus to enhance the emission efficiency have been developed.52-56
Particularly, Park et al. reported hydroxy-substituted tetraphenyl
imidazole derivatives, HPI and HPI-Ac (see Figure I-5a),52 which showed
highly efficient blue ESIPT emission not only in the solution (ΦPL = 0.18) but
also in the solid state (ΦPL = 0.32). It was rationalized that steric crowding of
the twisted phenyl rings prevented tight stacking of the ESIPT chromophores
in a zigzag manner, thereby maintaining proper intermolecular distances to
effectively suppressed intermolecular vibronic relaxation (see Figure I-5b and
c). A highly efficient amplified spontaneous emission as well as OLEDs was
successfully demonstrated with the imidazole derivatives incorporating
various multifunctional substituents.52,57
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(a)
O
H

(b)

N

O
H

N

N

N

O

O

(c)

Figure I-5. (a) Molecular structures of HPI and HPI-Ac. (b) ORTEP drawing
of HPI-Ac crystal structure; for clarity, hydrogen atoms were omitted except
the ESIPT-active area. (c) Molecular packing diagram of HPI-Ac in a crystal.
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In this thesis, various multifunctional substituents are introduced into
2-(2’-hydroxyphenyl) azole, which is the core unit of highly emissive ESIPT
molecule HPI, to control the related optoelectronic properties and to establish
structure-property relationship between them (see Scheme I-5). Furthermore,
utilizing the unique and beneficial properties of the newly designed molecules,
novel and innovative concepts are provided, which can make a breakthrough
for challenging issues in various optoelectronic applications including OLEDs,
molecular pixel system, and fluorescent zinc sensors.

R1
O
H

N
R4

X R2
R3

X= N, O, S
R1-4: Multifunctional Substituents

Scheme I-5. Molecular structures of multifunctional groups substituted 2-(2’hydroxyphenyl) azole ESIPT molecules which are studied in this thesis.

The following contents consists of four chapters:
In Chapter II, molecular design strategies for emission color tuning
of 2-(2’-hydroxyphenyl) azole-based ESIPT molecules are proposed. A series
of fifteen azole ESIPT molecules are designed whose emission color are
widely tuned from 447 nm to 680. Quantum chemical calculation results
strongly suggest good correlations between the experimental and predicted
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results.
In Chapter III, a full-color molecular pixel system is reported using
simple mixtures composed of RGB-emitting ESIPT molecules on the basis of
the frustrated energy transfer principle. It is demonstrated that the entire range
of emission colors enclosed within the RGB color triangle on the CIE 1931
diagram is not only predictable but also conveniently reproducible from the
RGB molecular pixels. It must be noted that mixing ratios to reproduce the
desired color coordinates can be precisely calculated on the basis of additive
color theory.
In Chapter IV, an efficient thermally activated delayed fluorescence
(TADF) from hydroxyl-substituted tetaphenyl imidazole derivatives into
which electron donating and accepting groups are systematically introduced.
Upon excitation, excited-state intramolecular proton transfer (ESIPT) of the
imidazole molecules triggers spatial separation of HOMO and LUMO on the
donor and acceptor fragments, respectively, resulting in an extremely small
singlet-triplet energy.
In Chapter V, a novel fluorescent zinc sensor consisting of 2-(2’hydroxy-3’-naphthyl)benzoxazole

chromophore

(HNBO)

and

a

di(2-

picolyl)amine (DPA) metal chelator is reported. The probe shows a 44-fold
fluorescence turn-on in response to zinc ions with a Kd value of 12 pM under
physiological conditions (pH 7.0). The fluorescence response of the probe to
zinc ions is conserved over a broad pH range with excellent selectivity due to
its unique fluorescence response mechanism. The zinc sensing utility is
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proved to be excellent for the detection of endogenous zinc ions in live
mammalian cells and zebrafish embryos.

I-8 Bibliography
(1) Rogers, K. The Eye: The Physiology of Human Perception; Britannica
Educational Publishing: New York, 2011; pp 75-94.
(2) Kumar, N. Comprehensive Physics; Laxmi Publication, 2008; pp 1416.
(3) Cardinale, G.; Chartrand, L. Optoelectronics: Introductory Theory and
Experiments; Delmar Cengage Learning, 2003.
(4) Hu, W. Organic Optoelectronics; Wiley-VCH: Weinheim, 2013.
(5) Braslavksy, S. Pure Appl. Chem. 2007, 79, 293.
(6) Valeur, B.; Berberan-Santos, M. N. J. Chem. Educ. 2011, 88, 731.
(7) Valeur, B.; Berberan-Santos, M. N. Molecular Fluorescence; WileyVCH: Weinheim, 2012.
(8) Tsujimura, T. OLED Display Fundamentals and Applications; Wiley
Series in Display Technology; John Wiley & Sons: Hoboken, 2012; pp 536.
(9) Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Kluwer
Academic/Plenum Publishers: New York, 1999; pp 4-6.
(10) Turro. N. J. Modern Molecular Photochemistry; University Science
Books: Susalito, 1991; pp. 38-51.
(11) Lakowicz, J. R. Principles of Fluorescence Spectroscopy 3rd Ed.;
Springer: New York, 2006; pp. 442-476.
(12) (a) Caldin, E. F.; Gold. V. Proton-Transfer Reactions; Chapmann and

27

Hall: London, 1975. (b) Douhal, A.; Kim, S. K.; Zewail, A. H. Nature
1995, 378, 260.
(13) (a) Chou, P. T. J. Chin. Chem. Soc. 2001, 48, 651. (b) Lochbrunner, S.;
Schultz, T.; Schmitt, M.; Shaffer, J. P.; Zgierwski, M. Z.; Stolow, A. J.
Chem. Phys. 2001, 114, 2519. (c) Elsaesser, T. H.; Bakker, H. J. Ultrafast
Hydrogen Bonding Dynamics and Proton Transfer Processes in the
Condensed Phase; Springer: Heidelberg, 2002.
(14) Goodman, J.; Brus, L. E. J. Am. Chem. Soc. 1978, 100, 7472.
(15) Ernsting, N. P.; Mordzinski, A.; Dick, B. J. Phys. Chem. 1987, 91, 4261.
(16) Weller, A. Elektrochemie 1952, 56, 662.
(17) Lamola, A. A.; Sharp, L. J. J. Phys. Chem. 1966, 70, 2634.
(18) McMorrow, D.; Kasha, M. J. Phys. Chem. 1984, 88, 2235.
(19) Van Benthem, M. H.; Gillispie, G. D. J. Phys. Chem. 1984, 88, 2954.
(20) Kijak, M.; Nosenko, Y.; Singh, A.; Thummel, R. P.; Waluk, J. J. Am.
Chem. Soc. 2007, 129, 2738.
(21) Chou, P.-T.; Chen, Y.-C.; Yu, W.-S.; Chou, Y.-H.; Wei, C.-Y.; Cheng, Y.M. J. Phys. Chem. A 2001, 105, 1731.
(22) Sakai, K.-I.; Takahashi, S.; Kobayashi, A.; Akutagawa, T.; Nakamura, T.;
Dosen, M.; Kato, M.; Nagashima, U. Dalton Trans. 2010, 39, 1989.
(23) Mordzinski, A.; Grabowska, A.; Kuhnle, W.; Krowczynski, A. Chem.
Phys. Lett. 1983, 101, 291.
(24) Druzhinin, S. I.; Rodchenkov, G. M.; Uzhinov, B. M.; Chem. Phys. 1988,
128, 383.
(25)Kim, T. H.; Kim, H. J.; Kwak, C. H.; Park, W. H.; Lee, T. S. J. Polym. Sci.
28

Part A: Polym. Chem. 2006, 44, 2059.
(26) Woessner, G.; Goeller, G.; Rieker, J.; Hoier, H.; Stezowski, J. J.;
Daltrozzo, E.; Neureiter, M.; Kramer, H. E. A. J. Phys. Chem. 1985, 89,
3629.
(27) Hadjoudis, E.; Mavridis, I. M. Chem. Soc. Rev. 2004, 33, 579.
(28) Arnaut, L. G. Formosinho, S. J. J. Photochem. Photobiol. A: Chem. 1993,
75, 1.
(29) Hsieh, C.-C.; Jiang, C.-M.; Chou, P.-T. Acc. Chem. Res. 2010, 43, 1364.
(30) Park, S.; Kim, S.; Seo, J.; Park, S. Y. Macromol. Res. 2008, 16, 385.
(31) Chou, P.-T.; Yu, W.-S.; Cheng, Y.-M.; Pu, S.-C.; Yu, Y.-C.; Lin, Y.-C.;
Huang, C.-H.; Chen, C.-T. J. Phys. Chem. A 2004, 108, 6487.
(32) Abou-Zied, O. K.; Jimenez, R.; Thompson, E. H. Z.; Millar, D. P.;
Romeberg, F. E. J. Phys. Chem. A 2002, 106, 3665.
(33)Vazquesz, S. R.; Rodriguez, M. C. R.; Mosquera, M.; Rodriguez-Prieto, F.
J. Phys. Chem. A 2008, 112, 376.
(34) Das, K.; Sarkar, N.; Ghosh, A. K.; Majumda, D.; Nath, D. N.;
Bhattacharyya, K. J. Phys. Chem. 1994, 98, 9126.
(35) Iijima, T.; Momotake, A.; Shinohara, Y.; Sato, T.; Nishimura, Y.; Arai, T.
J. Phys. Chem. A 2010, 114, 1603.
(36) Mosquera, M.; Penendo, J. C.; Rodríguez, M. C. R.; Rodríguez-Prieto, F.
J. Phys. Chem. 1996, 100, 5398.
(37) Sinha, H. K.; Dogra, S. K. Chem. Phys. 1986, 102, 337.
(38) Prieto, F. R.; Rodríguez, M. C. R.; González, M. M.; Fernández, M. A. R.
J. Phys. Chem. 1994, 98, 8666.
29

(39) Shaikh, M.; Choudhury, S. D.; Mohanty, J.; Bhasikuttan, A. C.; Nau, W.
M.; Pal, H. Chem. Eur. J. 2009, 15, 12362.
(40) Stueber, G. J.; Kieninger, M.; Schettler, H.; Busch, W.; Goeller, B.;
Franke, J.; Kramer, H. E. A.; Hoier, H.; Henkel, S.; Fischer, P.; Port, H.;
Hirsch, T.; Rytz, G.; Birbaum, J.-L. J. Phys. Chem. 1995, 99, 10097.
(41) Vollmer, F.; Rettig, W. J. J. Photochem. Photobiol. A: Chem. 1996, 95,
143.
(42) Martinez, M. L.; Cooper, W. C.; Chou, P.-T. Chem. Phys. Lett. 1992, 193,
151.
(43) Chou, P.; McMorrow, D.; Aartsma, T. J.; Kasha, M. J. Phys. Chem. 1984,
88, 4596.
(44) Fischer, M.; Wan, P. J. Am. Chem. Soc. 1999, 121, 4555.
(45) Klymchenko, A. S.; Demchenko, A. P. J. Am. Chem. Soc. 2002, 124,
12372.
(46) Klymchenko, A. S.; Demchenko, A. P. Langmuir 2002, 18, 5637.
(47) Yushchenko, D. A.; Shvadchak, V. V.; Klymchenko, A. S.; Duportail, G.;
Pivovarenko, V G.; Mely, Y. J. Phys. Chem. A. 2007, 111, 10435.
(48) Hu, R.; Feng, J.; Hu, D.; Wang, S.; Li, S.; Li, Y.; Yang, G. Angew. Chem.
Int. Ed. 2010, 49, 4915.
(49) Taki, M.; Wolford, J. L.; O’Halloran, T. V. J. Am. Chem. Soc. 2004, 126,
712.
(50) Wen, Z. C.; Ferreira, J. A. B.; Costa, S. M. B. J. Photochem. Photobiol.
A: Chem. 2008, 199, 98.
(51) (a) Ziótek, M.; Kubicki, J.; Maciejewski, A.; Naskrecki, R.; Grabowska,
30

A. Chem. Phys. Lett. 2003, 369, 80. (b) Balamurai, M. M.; Dogra, S. K.
Chem. Phys. 2004, 305, 95. (c) LeGourriec, D.; Kharlanov, V.; Brown, R.
G.; Rettig, W. J. Photochem. Photobiol. A 1998, 117, 209. (d)
Knyazhansky, M. I.; Metelitsa, A. V.; Bushkov, A. J.; Aldoshin, S. M. J.
Photochem. Photobiol. A: Chem. 1996, 97, 121.
(52) Park, S.; Kwon, O.-H.; Kim, S.; Park, S.; Choi, M.-G.; Cha, M.; Park, S.
Y.; Chang, D.-J. J. Am. Chem. Soc. 2005, 127, 10070.
(53) (a) Kim, S.; Chang, D. W.; Park, S. Y.; Kawai, H.; Nagamura, T.
Macromolecules 2002, 35, 2748. (b) Ohshima, A.; Momotake, A.;
Nagahata, R.; Arai, T. J. Phys. Chem. A 2005, 109, 9731.
(54) Kim, S.; Seo, J.; Park, S. Y. J. Photochem. Photobiol. A: Chem. 2007,
191, 19.
(55) He, T.; Tao, X. T.; Yang, J. X.; Gou, D.; Xia, H. B.; Jia, J.; Jiang, M. H.
Chem. Comm. 2011, 47, 2907.
(56) (a) Li, S.; He, L.; Xiong, F.; Li, Y.; Yang, G. J. Phys. Chem. B 2004, 108,
10887. (b) Qian, Y.; Li, S.; Zhang, G.; Wang, Q.; Wang, S.; Xu, H.; Li,
C.; Li, Y.; Yang, G. J. Phys. Chem. B 2007, 111, 5861. (c) Seo, J.; Kim,
S.; Lee, Y.-S.; Kwon, O.-H.; Park, K. H.; Choi, S. Y.; Chung, Y. K.; Jang,
D.-J.; Park, S. Y. J. Photochem. Photobiol. A: Chem. 2007, 191, 51. (d)
Seo, J.; Kim, S.; Gihm, S. H.; Park, C. R.; Park, S. Y. J. Mater. Chem.
2007, 17, 5052. (e) Xue, P.; Lu, R.; Chen, G.; Zhang, Y.; Nomoto, H.;
Takafuji, M.; Ihara, H. Chem. Eur. J. 2007, 13, 8231.
(57)Park, S.; Seo, J.; Kim, S. H.; Park, S. Y. Adv. Funct. Mater. 2008, 18, 726.

31

Chapter II. Strategic Molecular Designs for
Extensive Color Tuning of Highly Fluorescent
Azole-based Excited-State Intramolecular Proton
Transfer (ESIPT) Molecules
II-1 Introduction
Recently, organic fluorescent molecules harnessing the excited-state
intramolecular proton transfer (ESIPT) process are drawing great attention
due to their unique photophysical properties which facilitate novel
optoelectronic applications such as laser dyes,1 solar energy concentrators,2
chemosensors,3-4 and electroluminescent materials.5 Because the ESIPT
molecules are normally more stable in enol (E) form in the ground states but
in keto (K)* form in the excited states, photo-excitation of them is
immediately followed by the four-level cyclic proton-transfer reactions
(E→E*→K*→K→E) mediated by the intramolecular H-bonds (see Scheme
II-1).6 It is characteristically observed, therefore, that the absorption from E
and emission from K* results in an abnormally large Stokes shift with no selfabsorption, providing an ideal scheme for the proton-transfer lasers,7
photoscreeners,8 and UV-photostabilizers.9
Based on such unique properties, novel classes of highly emissive
oxazole,10

oxadiazole,11

and

imidazole-based

multifunctional

molecules were recently investigated,12-14 paving the way for innovative
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Scheme II-1. Schematic representation of ESIPT photocycle and chemical
structures of enol and keto form of HPI series.

optoelectronic applications of the intramolecular proton transfer process.
Especially, it was demonstrated that the proper molecular structure for ESIPT,
particularly the 2-hydroxyphenyl imidazole, could effectively suppress the
concentration quenching and even enhance the fluorescence emission
efficiencies in the solid state, if it is incorporated with multiphenyl
substituents.12 As a result, highly efficient amplified spontaneous emission as
well as blue and white organic light-emitting diodes (OLED) could be
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demonstrated with those imidazole derivatives.12-13,15-16 Moreover, based on
the characteristic 4-level photophysical properties of ESIPT process, whiteemitting molecule for future displays and lighting devices was recently
proposed,15,17 where the energy transfer between two different imidazolebased ESIPT emitters, either in mixed film16 or in covalently bonded single
molecule,12 could be completely frustrated.
To realize innovative optoelectronic devices harnessing ESIPT
molecules, full emission colors over the whole visible region suitable for
practical device application are highly demanded in the first place. To this end,
molecular design strategies which can precisely predict and delicately tune the
emission color of ESIPT fluorophores should be established beforehand.
For the spectral tuning of azole-based ESIPT molecules, we have
designed and synthesized a series of fifteen molecules based on two different
approaches: (1) conjugation length approach and (2) substitution approach.
All these ESIPT molecules commonly showed no visible range absorption to
be clear and transparent with no absorptive color, but showed different
emissive colors of intense photoluminescence over broad visible regions from
450 nm to 680 nm depending on their molecular structures. In this chapter, the
molecular design strategies for extensive range color tuning of azole-based
ESIPT molecules will be comprehensively discussed by comparing their
photophysical properties in terms of the experimental data and theoretical
calculation.
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II-2 Experimental Section
II-2.1 Materials and Synthesis
Materials obtained from commercial suppliers were used as received.
Reactions were monitored using thin layer chromatography (TLC) with
commercial TLC plates (silica gel 60 F254, Merck Co.). Chemical structures
were fully identified by 1H and
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C NMR (Bruker, Avance DPX-300), GC-

Mass (JEOL, JMS-AX505WA), and elemental analysis (CE Instrument,
EA1110).
Synthesis of non-substituted tetraphenyl-imidazole HPI, (1,4,5-triphenyl1H-imidazol-2-yl)phen-2-ol. A 3.25 mL amount of aniline (35.7 mmol) and
2.55 mL of salicylaldehyde (23.8 mmol) were dissolved in 120 mL of glacial
acetic acid and stirred for 1 h at room temperature. A 5.0 g amount of benzil
(23.8 mmol) was added to this solution, and 9.17 g of ammonium acetate (119
mmol) was added subsequently. The mixture was heated at 120 °C overnight.
After the termination of reaction, the dark solution was poured into a copious
amount of water. After neutralization, the mixture was filtered and washed
with water. Reprecipitation in methanol from dichloromethane solution
afforded 6.50 g of white HPI powder with a 72% overall yield; mp 254 °C; 1H
NMR (300 MHz, CDCl3, δ): 6.46 (t, 1H), 6.54 (d, 1H), 7.08 (d, 1H), 7.12-7.41
(m, 14H), 7.55 (d, 2H), 13.48 (s, 1H); 13C NMR (75 MHz, CDCl3) δ: 158.68,
145.15, 137.38, 135.41, 133.32, 131.55, 130.67, 130.12, 130.06, 129.80,
129.39, 128.89, 128.67, 128.49, 127.22, 127.13, 126.23, 118.08, 117.89,
113.21. MS (EI+, m/z) calcd. for C27H20N2O (M), 388.16; found 388. Anal.
calcd. for C27H20N2O: C 83.48, H 5.19, N 7.21; found: C 83.37, H 5.19, N
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7.19.
Synthesis of N-HPI, 1-(1,4,5-triphenyl-1H-imidazol-2-yl)naphthalen-2-ol.
1.6g (yield 31%) of the title compound was obtained by the same procedure
for HPI, using 2.0 g of 2-hydroxy-1-naphthaldehyde (11.62 mmol). 1H NMR
(300 MHz, CDCl3, δ): 6.69 (d, 1H, J = 8.9 Hz), 6.84-6.98 (m, 7H), 7.12-7.33
(m, 8H), 7.40-7.45 (m, 2H), 7.53-7.59 (m, 3H), 11.15 (s, 1H). 13C NMR (75
MHz, CDCl3, δ): 119.7, 123.1, 124.5, 126.3, 127.2, 127.4, 127.5, 127.8, 127.9,
128.4, 128.5, 128.6, 130.4, 131.4, 134.1, 136.4, 144.2, 155.3. HRMS (EI+,
m/z): calcd. for C31H22N2O (M), 438.1732; found 438.1729. Anal. calcd. for
C31H22N2O: C 84.91, H 5.06, N 6.39, O 3.65; found: C 84.95, H 4.99, N 6.38,
O 3.66.
Synthesis

of

HPIC,

2-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-

yl)phenol. 1H NMR (300 MHz, CDCl3, δ): 7.04 (d, 1H, J = 8.2 Hz), 7.13 (d,
1H, J = 8.0 Hz), 7.18-7.27 (m, 2H), 7.51 (t, 1H, J = 7.4 Hz), 7.61-7.77 (m,
7H), 8.68-8.77 (m, 3H), 13.83 (s, 1H). 13C NMR (75 MHz, CDCl3) δ: 113.3,
118.3, 121.1, 122.8, 123.4, 124.4, 125.5, 126.0, 126.3, 126.7, 127.3, 127.7,
128.7, 129.3 129.7, 130.8, 130.9, 131.1, 134.7, 139.3, 148.7, 159.4. HRMS
(EI+, m/z): calcd. for C27H18N2O (M), 386.1419; found 386.1419. Anal. calcd.
for calcd. for C27H18N2O: C 83.92, H 4.69, N 7.25, O 4.14; found: C 83.06, H
4.69, N 7.08, O 5.02.
Synthesis of HBPI, 3-(1,4,5-triphenyl-1H-imidazol-2-yl)biphenyl-4-ol.
1.4g (yield 60%) of the title compound was obtained by the same procedure
for HPI, using 1.0 g of 2-hydroxy-5-phenylbenzaldehyde (5.04 mmol). 1H
NMR (300 MHz, CDCl3, δ): 6.87 (d, 1H, J = 2.1 Hz), 6.97-7.00 (m, 2H),
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7.12-7.31 (m, 14H), 7.41-7.50 (m, 4H), 7.55-7.58 (m, 2H), 13.48 (s, 1H). 13C
NMR (75 MHz, CDCl3, δ): 113.2, 118.2, 125.0, 126.2, 126.5, 127.1, 127.3,
128.5, 128.5, 128.6, 128.7, 129.0, 129.3, 130.0, 130.1, 130.6, 130.7, 131.6,
133.3, 135.5, 137.7, 140.5, 145.1, 158.2. HRMS (EI+, m/z): calcd. for
C33H24N2O (M), 464.1889; found 464.1889. Anal. calcd. for C33H24N2O: C
85.32, H 5.21, N 6.03, O 3.44; found: C 85.42, H 5.25, N 6.07, O 3.45.
Synthesis

of

HBPIC,

3-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-

yl)biphenyl-4-ol. 0.17g (yield 15%) of the title compound was obtained by
the same procedure for HPI, using 0.5 g of 2-hydroxy-5-phenylbenzaldehyde
(2.52

mmol) and 0.53 g (2.52 mmol) of phenanthrene-9,10-dione. 1H NMR

(300 MHz, CDCl3, δ): 7.04 (d, 2H, J = 6.9 Hz), 7.11-7.31 (m, 7H), 7.48-7.56
(m, 2H), 7.67-7.85 (m, 7H), 8.71-8.80 (m, 3H), 13.86 (s, 1H). 13C NMR (75
MHz, CDCl3, δ): 113.4, 118.6, 121.1, 122.8, 123.4, 124.4, 125.1, 125.5, 126.0,
126.3, 126.3, 126.7, 126.8, 127.3, 127.7, 128.7, 129.3, 129.4, 129.7, 130.7,
130.8, 131.3, 134.7, 139.6, 140.4, 148.5, 159.0. HRMS (EI+, m/z): calcd for
C33H22N2O (M), 462.1732; found 462.1729. Anal. calcd for C33H22N2O: C
85.69, H 4.79, N 6.06, O 3.46; found: C 85.81, H 4.81, N 6.05, O 3.31.
Synthesis of HPNI, 3-(1,4,5-triphenyl-1H-imidazol-2-yl)naphthalen-2-ol.
1.61g (yield 63%) of the title compound was obtained by the same procedure
for HPI, using 1.0 g of 3-hydroxy-2-naphthaldehyde (5.81 mmol). 1H NMR
(300 MHz, DMSO, δ): 7.17-7.25 (m,3H), 7.27-7.30 (m, 3H), 7.31-7.32 (m,
6H), 7.35-7.37 (m, 6H), 7.49 (d, 3H), 7.65 (d, 1H), 12.04 (s, 1H) 13C NMR
(75 MHz, DMSO3, δ): 110.09, 117.27, 123.36, 125.66, 126.23, 126.43, 126.93,
127.15, 127.82, 128.26, 128.45, 128.59, 128.74, 129.07, 129.30, 129.73,
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131.03, 131.22, 133.38, 134.29, 135.22, 136.59, 144.19, 154.24. MS (EI+,
m/z) calcd for C31H22N2O (M), 438.17; found 438. Anal. calcd. for
C31H22N2O: C 84.91, H 5.06, N 6.39, O 3.65. found: C 85.12, H 5.12, N 6.48,
O 3.69; Tm (DSC) 279 ○C.
Synthesis

of

HPNIC,

3-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-

yl)naphthalen-2-ol. 1.55g (yield 61%) of the title compound was obtained by
the same procedure for HPI, using 1.0 g of 3-hydroxy-2-naphthaldehyde (5.81
mmol) and 1.21 g (6.42 mmol) of phenanthrene-9,10-dione. 1H NMR (300
MHz, CDCl3, δ): 6.97 (s, 1H), 7.14-7.20 (m, 4H), 7.28 (d, 1H), 7.36 (m, 1H),
7.44 (s, 1H), 7.54 (t, 1H), 7.62-7.72 (m, 4H), 7.75-7.87 (m, 4H), 8.70-8.79 (m,
3H), 13.50 (s, 1H). 13C NMR (75 MHz, CDCl3, δ): 111.85, 115.54, 121.27,
122.80, 122.86, 123.36, 123.46, 124.46, 125.72, 126.03, 126.08, 126.42,
126.82, 126.92, 127.59, 127.62, 127.81, 128.63, 128.75, 129.42, 129.92,
130.90, 131.22, 135.04, 135.17, 139.42, 148.10, 155.89. MS (EI+, m/z) calcd
for C31H20N2O, 436.16; found 436. Anal. calcd for C31H20N2O: C 85.30, H
4.62, N 6.42, O 3.67; found: C 85.51, H 4.75, N 6.58.
Synthesis

of

m-MHPI,

5-methoxy-2-(1,4,5-triphenyl-1H-imidazol-2-

yl)phenol. 1.64g (yield 60%) of the title compound was obtained by the same
procedure

for

HPI,

using

1.0

g

(6.57

mmol)

of

2-hydroxy-4-

methoxybenzaldehyde. 1H NMR (300 MHz, CDCl3, δ): 13.68 (s, 1H), 7.53
(dd, J = 8.1, 1.4 Hz, 2 H), 7.42 – 7.32 (m, 3 H), 7.30 – 7.10 (m, 10 H), 6.61 (d,
J = 2.6 Hz, 1 H), 6.42 (d, J = 8.9 Hz, 1 H), 6.04 (dd, J = 8.9, 2.6 Hz, 1 H),
3.76 (s, 3 H); 13C NMR (75 MHz, CDCl3, δ): 161.17, 160.56, 145.51, 137.40,
134.99, 133.41, 131.56, 130.17, 130.02, 129.77, 129.31, 128.98, 128.62,
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128.53, 128.44, 127.08, 106.51, 105.45, 102.10, 55.38; HRMS (FAB+, m/z):
[M + H]+ calcd. for C28H23N2O2, 419.1760; found, 419.1761. Anal. calcd. for
C28H22N2O2: C 80.36, H 5.30, N 6.69; found: C 80.36, H 5.39, N 6.65.
Synthesis

of

o-MHPI,

2-methoxy-6-(1,4,5-triphenyl-1H-imidazol-2-

yl)phenol. 1.83g (yield 67 %) of the title compound was obtained by the same
procedure

for

HPI,

using

1.0

g

(6.57

mmol)

of

2-hydroxy-3-

methoxybenzaldehyde. 1H NMR (300 MHz, CDCl3, δ): 13.93 (s, 1H), 7.54 (dt,
J = 8.5, 2.2 Hz, 2H), 7.44 – 7.31 (m, 3H), 7.29 – 7.08 (m, 9H), 6.79 (dd, J =
8.0, 1.2 Hz, 1H), 6.41 (t, J = 8.1 Hz, 1H), 6.16 (dd, J = 8.3, 1.3 Hz, 1H), 3.92
(s, 3H).

13

C NMR (75 MHz, CDCl3, δ): 149.28, 148.97, 145.22, 137.34,

135.12, 133.20, 131.55, 130.61, 130.05, 129.70, 129.36, 128.90, 128.66,
128.48, 127.19, 126.95, 118.23, 117.44, 113.29, 112.09, 56.30; HRMS (EI+,
m/z): [M + H]+ calcd. for C28H23N2O2, 418.1681; found, 418.1675. Anal. calcd.
for C28H22N2O2: C 80.36, H 5.30, N 6.69; found: C 80.17, H 5.31, N 6.69.
Synthesis

of

p-MHPI,

4-methoxy-2-(1,4,5-triphenyl-1H-imidazol-2-

yl)phenol. 1.34g (yield 49 %) of the title compound was obtained by the same
procedure

for

HPI,

using

1.0

g

(6.57

mmol)

of

2-hydroxy-5-

methoxybenzaldehyde. 1H NMR (300 MHz, CDCl3, δ): 12.96 (s, 1H), 7.54
(dd, J = 8.0, 1.4 Hz, 2H), 7.49 – 7.34 (m, 3H), 7.34 – 7.07 (m, 10H), 6.98 (d, J
= 8.9 Hz, 1H), 6.74 (dd, J = 9.0, 3.0 Hz, 1H), 6.11 (d, J = 2.9 Hz, 1H), 3.19 (s,
3H). 13C NMR (75 MHz, CDCl3, δ): 152.78, 151.26, 144.97, 137.49, 135.51,
133.30, 131.52, 130.69, 129.99, 129.85, 129.39, 129.09, 128,67, 128.47,
127.20, 127.10, 118.55, 117.79, 112.63, 109.82, 55.18; HRMS (EI+, m/z): [M
+ H]+ calcd. for C28H23N2O2, 418.1681; found, 418.1679; Anal. calcd. for
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C28H22N2O2: C 80.36, H 5.30, N 6.69; found: C 80.05, H 5.37, N 6.69.
Synthesis

of

p-MHPIC,

4-methoxy-2-(1-phenyl-1H-phenanthro[9,10-

d]imidazol-2-yl)phenol. After the same procedure for HPI using 1.07 g (7.00
mmol) of 2-hydroxy-5-methoxybenzaldehyde and 1.46 g (7.00 mmol) of
phenanthrene-9,10-dione, silica gel column purification with EtOAc:CHCl3:nHexane (1:10:50, v/v/v) gave 1.24 g of white powder (yield = 45%). 1H NMR
(300 MHz, CDCl3, δ): 13.32 (s, 1 H), 8.78 (d, J = 8.3 Hz, 1 H), 8.71 (d, J =
8.2 Hz, 2 H), 7.83 – 7.60 (m, 7 H), 7.53 (t, J = 7.4 Hz, 1 H), 7.31 – 7.21 (m, 1
H), 7.06 (dd, J = 8.5, 4.2 Hz, 2 H), 6.82 (dd, J = 8.9, 2.9 Hz, 1 H), 6.34 (d, J =
2.9 Hz, 1 H), 3.29 (s, 3 H).; 13C NMR (75 MHz, CDCl3, δ): 153.61, 151.33,
148.41, 139.48, 134.72, 131.12, 130.77, 129.69, 129.47, 128.63, 127.68,
127.21, 126.70, 126.25, 126.00, 125.45, 124.38, 123.38, 122.77, 121.01,
118.95, 118.83, 112.65, 109.71, 55.32; HRMS (FAB+, m/z): [M + H]+ calcd.
for C28H21N2O2, 417.1603; found, 417.1606. Anal. calcd. for C28H20N2O2: C
80.75, H 4.84, N 6.73; found: C 80.77, H 4.80, N 6.73.
Synthesis of HPO, 2-(4,5-diphenyloxazol-2-yl)phenol. Two oxazole
derivatives, HPO and HPNO synthesized as described elsewhere.18 1H NMR
(300 MHz, CDCl3, δ): 6.96 (t, 1H, J = 7.5 Hz), 7.08 (d, 1H, J = 8.3 Hz), 7.437.31 (m, 7H), 7.68 (t, 4H, J = 6.8 Hz), 7.91 (d, 1H, J= 7.8 Hz), 11.24 (s, 1H).
C NMR (75 MHz, CDCl3) δ: 111.1, 117.4, 119.6, 126.2, 127.0, 128.1, 128.6,

13

128.8, 128.9, 129.0, 129.2, 131.6, 132.6, 134.8, 144.6, 157.7, 160.1. HRMS
(EI+, m/z): calcd for C21H15NO2 (M), 313.1103; found 313.1103. Anal. calcd
for C21H15NO2: C, 80.49; H, 4.82; N, 4.47; O, 10.21. found: C, 80.33; H, 4.83;
N, 4.53; O, 10.31.
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Synthesis of HPNO, 3-(4,5-diphenyloxazol-2-yl)naphthalen-2-ol. 1H NMR
(300 MHz, CDCl3, δ): 7.24-7.84 (m, 15H), 8.44 (s, 1H), 11.12 (s, 1H).

C

13

NMR (75 MHz, CDCl3) δ: 111.7, 113.2, 124.1, 126.7, 127.0, 127.1, 127.7,
128.1, 128.1, 128.5, 128.6, 128.9, 129.1, 129.4, 131.5, 135.1, 136.3, 145.2,
153.8, 159.8. HRMS (EI+, m/z): Calcd for C25H17NO2 (M), 363.1259; found
363.1260. Anal. calcd for C25H17NO2: C, 82.63; H, 4.72; N, 3.85; O, 8.81.
found: C, 82.87; H, 4.63; N, 3.97; O, 8.80.
Synthesis

of

HPT,

2-(4,5-diphenylthiazol-2-yl)phenol.

0.23

g

of

salicylthioamide (1.50 mmol) and 0.35 g of desyl chloride (1.50 mmol) were
dissolved in 50 mL of ethanol and heated at 90 °C overnight. The mixture was
cooled down to -10 °C at refrigerator and filtered. Recrystallization in ethanol
afforded 0.25 g of white powder with a 50.6% yield; 1H NMR (300 MHz,
CDCl3, δ): 12.36 (s, 1H), 7.67–7.49 (m, 3H), 7.49–7.22 (m, 12H), 7.07 (d, J =
8.3 Hz, 1H), 6.99–6.87 (m, 1H).

13

C NMR (75 MHz, CDCl3, δ): 167.10,

157.28, 148.59, 133.96, 132.00, 131.48, 131.30, 129.87, 129.10, 129.06,
128.77, 128.65, 128.48, 127.34, 119.62, 118.06, 116.99. HRMS (FAB+, m/z):
[M + H]+ calcd for C21H16NOS, 330.0953; found, 330.0953. Anal. calcd for
C21H15NOS: C, 76.57; H, 4.59; N, 4.25; S, 9.73; O, 4.86. found: C, 76.49; H,
4.55; N, 4.26; S, 9.73; O, 4.89.
Synthesis of HPNT, 3-(4,5-diphenylthiazol-2-yl)naphthalene-2-ol. After
the same procedure for HPT using 0.30 g (1.48 mmol) of 3hydroxynaphthalene-2-carbothioamide, recrystallization in ethanol afforded
0.28 g of yellow powder with a 50.0% yield; 1H NMR (300 MHz, CDCl3, δ):
12.20 (s, 1H), 8.17 (s, 1H), 7.74 (dd, J = 26.9, 8.2 Hz, 2H), 7.56 (m, 2H), 7.50–7.19
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(m, 11H).

13

C NMR (75 MHz, CDCl3, δ): 166.81, 154.21, 148.93, 135.97,

133.81, 132.19, 131.31, 129.87, 129.15, 129.08, 128.91, 128.68, 128.57,
128.26, 127.92, 127.80, 127.60, 126.54, 124.02, 119.17, 112.01. HRMS
(FAB+, m/z): [M + H]+ calcd for C25H18NOS, 380.1105; found, 380.1112. Anal.
calcd for C25H17NOS: C, 79.13; H, 4.52; N, 3.69; S, 8.45; O, 4.22. found: C,
79.04; H, 4.51; N, 3.63; S, 8.43; O, 4.33.

II-2.2 Measurements
Absorption spectra were obtained using UV-visible spectrophotometer
Shimadzu UV-1650PC. Photoluminescence emission spectra were obtained
using

a

fluorescence

spectrophotometer

(Varian,

Cary

Eclipse).

Photoluminescence quantum efficiencies (ΦPL values) for solutions were
obtained using Quinine sulphate (10 µM in 1 N H2SO4) as a reference.19 The

ΦPL values of thin films on quartz plates were measured using either 3.2-inch
integrating sphere equipped in QM-40 spectrophotometer (Photon Technology
International, Canada), or a 6-inch integrating sphere (Labsphere, 3P-GPS060-SF) equipped with a 325-nm CW He-Cd laser (Omnichrome, Series 56)
and a PMT detector (Hamamatsu, PD471) attached to a monochromator
(Acton Research, Spectrapro-300i). The detailed procedure to obtain solidstate ΦPL value has been described elsewhere.20 Time-resolved fluorescence
lifetime experiments were performed through the time-correlated single
photon counting (TCSPC) methods by using a FluoTime 200 instrument
(Picoquant, Germany). A 342 nm pulsed LED or a 377 nm diode laser with
repetition rate of 10 MHz were used as the excitation source. Fluorescence
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decay times were analyzed by FluoFit Pro software, using exponential fitting
models through deconvolution employing instrumental response functions
(IRF).

II-2.3 Calculations
All density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were carried out in the gas phase using the Gaussian 0321 and 0922
quantum-chemical package. The geometry optimizations for the ground state
of azole derivatives were performed using B3LYP functionals with 631G(d,p) basis set.23 Vibration frequency calculations at the same level were
performed for the obtained structures to confirm the global minimum. For
TD-DFT calculations, the identical basis set and functionals used for the
ground-state geometry optimization were applied.

II-3 Results and Discussion
II-3.1 Multiphenyl-substituted Azole-based Molecules
To be useful in high performance optoelectronic device applications like in
OLEDs or lasers, it is important to develop highly emissive systems operating
not only in dilute solution state but also in condensed solid-state. However, in
many cases, the fluorescence efficiency of the large Stokes shifted K*
emission is generally very low due to the presence of unfavorable nonradiative deactivation pathways of K* states, which are also a typical
drawback in ordinary ESIPT systems reported so far.24,25
Different from these ordinary ESIPT molecules, it was recently
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reported that imidazole-based molecules with multiphenyl substituents (2(1,4,5-triphenyl-1H-imidazol-2-yl)phenol, HPI) could favorably reduce the
intermolecular interactions which would otherwise induce the non-radiative
deactivation process.26 In HPI molecule, for example, deliberately
incorporated twisted phenyl groups at 1-, 4-, and 5-position (see Scheme II-1)
of the central imidazole ring could impose strong steric limitation as to
prevent close stacking of the active ESIPT chromophores and thus to increase

ΦPL in the solid state.12-13,26 Because HPI shows sky-blue emission (λmax = 470
and 461 nm in CHCl3 solution and PMMA doped film, respectively),
structural modification should be properly carried out to obtain other emission
colors such as blue, green, yellow, and red.
For spectral tuning of ESIPT emission of azole-based molecules,
four different strategies were thoughtfully introduced into the model
compound HPI, which are categorized into two approaches: (1) conjugation
length approach including introduction of nodal plane model and crosslinking
of the peripheral rings, and (2) substitution approach including electron
donating group substitution at the phenol ring and substitution of electron
deficient heterocyclic core.

II-3.2 Conjugation Length Approach
As in the case of the particle in a box model, increasing the extent of πelectron delocalization by extending conjugation generally increases the
wavelength at which a molecule absorbs and emits light.27 According to this
conjugation length concept, two design strategies were introduced to induce
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bathochromic shift of ESIPT emission of HPI. Seven derivatives were
designed and synthesized via the classical method of lophine synthesis (see
Scheme II-2 and experimental section).28 Steady state absorption and
fluorescence emission spectra of seven synthesized compounds in chloroform
solution as well as in PMMA doped film are shown in Figure II-1. Detailed
photophysical properties including fluorescence quantum efficiencies (ΦPL),
and fluorescence lifetime data are also summarized in Table II-1.
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Scheme II-2. Molecular structures of color tuned ESIPT molecules based on
conjugation length approach. Dashed lines indicate a nodal plane generated in
K form. Dashed circles indicate crosslinked peripheral rings.
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Figure II-1. (a) Absorption and (b) normalized photoluminescence spectra of
the color tuned azole molecules based on conjugation length approach in 10
µM

chloroform

solution.

(c)

Absorption

and

(d)

normalized

photoluminescence spectra of PMMA films doped with 5 wt % of the azole
molecules. (e) Fluorescence image of the azole molecules in chloroform
solution and PMMA film under 365 nm handheld UV lamp.
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Table II-1. Photophysical properties of the color tuned azole molecules based on conjugation length approach in CHCl3
solution and PMMA doped films.
Name

Solution

Film

Abs. λmax

Emi. λmax

Relative

τavg

kr

knr

Abs. λmax

Emi. λmax

Absolute

τavg

kr

knr

(nm)

(nm)

ΦPL

(ns)

(108 s-1)

(108 s-1)

(nm)

(nm)

ΦPL

(ns)

(108 s-1)

(108 s-1)

N-HPI

343

475

0.026

0.28

0.93

35

335

370, 480

0.16

2.65

0.6

3.2

HPI

318

470

0.15

1.77

0.85

4.8

319

461

0.35

3.67

0.95

1.8

HPIC

364

470

0.18

1.51

1.2

5.4

364

470

0.34

2.68

1.3

2.5

HBPI

332

490

0.24

2.93

0.82

2.6

342

483

0.43

4.75

0.91

1.2

HBPIC

368

495

0.29

2.92

0.99

2.4

368

492

0.56

3.86

1.5

1.1

HPNI

333

570

0.053

3.43

0.15

2.8

332

566

0.22

5.01

0.45

1.6

HPNIC

365

590

0.034

2.12

0.16

4.6

364

588

0.16

2.87

0.54

2.9

47

The first color-tuning strategy of the azoles using the conjugation
extention approach is called as ‘nodal plane model’, which was actually
proposed by Nagaoka et al. as a simple but qualitative model.29,30 It provides
useful guidelines for predicting the stabilization of excited-state resulting
from ESIPT without performing large-size theoretical calculations. In this
model, the stabilization effect of the additional aromatic group at the 2position of the imidazole ring can be predicted by considering the nodal
pattern of the wave function and the delocalization of electrons in the excited
states. The wave function of the S0 state of the E form has no nodal plane. In
the excited state (S1), however, one nodal plane exists along the reconfigured
double bonds of the K* form as a result of proton transfer (see dashed lines in
Scheme II-3a). Thus, only the extended aromatic conjugation length along the
nodal plane (e.g., see 2,3-substituted azoles compared with 2,1- and 1,2substituted azoles in Scheme II-3b) could have significant impact on the
stabilization of the excited state of K*.
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Scheme II-3. (a) Schematic representation of generation of a nodal plane due
to the ESIPT photocycle. (b) Schematic diagrams for a nodal plane model and
ESIPT process according to various substitution position. Dashed lines
indicate a nodal plane generated in K form.
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According to this strategy, we introduced naphthalene group to 2substitution position of central imidazole ring, to give the stabilization effect
through the nodal plane (see dashed lines on the HPNI molecular structure in
Scheme II-2, N denotes “naphthalene”). Similar to Nagaoka’s results,
emission spectra of HPNI molecules with the extended aromatic rings along
the nodal plane showed drastically lowered energy of K*.31 In other words,
the naphthalene group in newly synthesized HPNI significantly stabilized the
energy of K* by extended conjugation via delocalization of π-electrons along
the naphthalene backbone,30,31 and it showed huge bathochromic shift (Stokes
shift > 12,000 cm–1) of photoluminescence (λmax = 570 nm in CHCl3 solution
and 566 nm in PMMA doped films, respectively) compared to that of HPI.
On the other hand, if extended conjugation lies out of the nodal plane,
the stabilization effect was significantly decreased, as expected. To confirm
this, NHPI and HBPI (see Scheme II-2, BP denotes “biphenyl”) were
additionally synthesized and their photophysical properties were examined. It
was found that the absorption and emission λmax of NHPI are almost similar to
those of HPI. In NHPI, the nodal plane lies totally out of the fused aromatic
rings of the naphthalene moiety. As a result, the extended aromatic
conjugation length of the additional aromatic ring has no effect on the
stabilization of the K* states. Different from NHPI, absorption and emission

λmax of HBPI were slightly bathochromic shifted up to 20 nm, as shown in
Table II-1. This minor stabilization effect was probably due to the position
and rotation effect of biphenyl, because the nodal plane could be temporally
effective while rotating.
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The second strategy to induce bathochromic shift of emission is
extension of effective conjugation length in a certain molecule.32 In the model
compound HPI, two phenyl rings at 4- and 5-potition of central imidazole ring
are almost perpendicular to the chromophore plane (see Figure I-5 in Chapter
I), and thus effective conjugation length in this multiphenyl system should be
normally very short.
Fortunately, we found an easy way to extend the conjugation length
of HPI molecule. It was the crosslinking of two peripheral phenyl rings at 4and 5-position to make more planar structures. In the synthesis of HPI series,
1,2-diketone such as benzil (1,2-diphenylethane-1,2-dione) is required to form
central imidazole unit.26 By simple alternation of benzil by a crosslinked
compound (phenanthrene-9,10-dione), HPIC, HBPIC, and HPNIC (see
Scheme II-2, C means “crosslinked”) could be easily synthesized (see II-2
Experimental Section for the reaction details). Because the effective
conjugation length is affected by the planarity of the molecule, as shown in
Table II-1, all the three crosslinked compounds (HPIC, HBPIC, and HPNIC)
showed bathochromic shift in absorption λmax (~50 nm) as well as in
photoluminescence (~ 10 nm) compare to those of corresponding noncrosslinked compounds (HPI, HBPI, and HPNI). The extended conjugation
length from the crosslinking strategy, however, has only indirect and limited
effect on the stabilization of K*, resulting in rather smaller change in their
emission than the nodal plane model.
To rationalize the trends of the energy gaps and emission energy of
the color-tuned chromophores, we performed a theoretical calculation of the
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HOMO and LUMO level and vertical electronic transition energy of the
compounds and compared the calculated results with experimental data. All
calculations discussed in this work were carried out using the GAUSSIAN
0321 and 0922 package. On the basis of our previous successful calculation for
ESIPT molecules,12,33 the geometry optimizations for S0 states were
performed using DFT method with B3LYP/6-31G** basis set. There exist a
number of different theoretical calculation methods to evaluate excited states
of molecules, such as CISD, CCSD, and CASSCF. These methods provide
more accurate results than TD-DFT, but they require very expensive
computational cost and still have some practical limitations. Fortunately,
recent studies showed that TD-DFT methods can reliably estimate the excited
state properties for ESIPT-allowed molecules with adequate accuracy at
relatively moderate computational cost,34,35 compared to classical approaches
which are more accurate but a bit more time consuming.36-38
After obtaining the computational calculation results, the expected
photophysical properties were correlated to the experimental data, to prove
our molecular design strategies more clearly. Figure II-2a shows the
comparison of experimental optical bandgap and calculated results. It is
noteworthy that the linear plotted line gives a sufficiently straight feature (r =
0.94433, SD = 0.0314). Likewise, the calculated transition energy of K form
of the molecules were plotted and compared to the experimental results
(emission maximum) for each molecule (see Figure II-2b). Obtained linear
correlation from them (r = 0.96813, SD = 0.04101) strongly suggests our
theoretical calculations have a quite good correlation for molecular design
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strategies of conjugation length approach.
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Figure II-2. (a) Plot of calculated bandgap of E form in gas phase vs.
experimentally measured optical bandgap in solution. (b) Plot of calculated
transition energy of K form in gas phase vs. experimentally measured
maximum emission energy in solution.
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II-3.3 Substitution Approach
Another approach to tune emission color of the azole molecules is introducing
electron donating or withdrawing substituents into the molecules. It is well
known that substitution of electron-donating or withdrawing group result in a
decrease of electronic transition energy, leading to change of HOMO and
LUMO energy level of the molecule.33,39 According to this substitution
concept, two design strategies were devised and nine derivatives were
synthesized (see Figure II-3 and Scheme II-4). Steady state absorption and
fluorescence emission spectra of the nine synthesized compounds in
chloroform solution as well as in PMMA doped film are shown in Figure II-4.
Detailed photophysical properties including fluorescence quantum efficiencies
(ΦPL), and fluorescence lifetime data are also summarized in Table II-2.
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Figure II-3. (a) Frontier orbital diagrams of K form of HPI. (b) Molecular
structures of color tuned ESIPT molecules based on donor substitution
strategy.
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Figure II-4. (a) Absorption and (b) normalized photoluminescence spectra of
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Table II-2. Photophysical properties of the color tuned azole molecules based on substitution approach in CHCl3 solution
and PMMA doped films.
Name

Solution
Abs. λmax

Film
Emi. λmax

Relative

τavg

kr

knr
(108 s-1)

(nm)

(nm)

Abs. λmax

Emi. λmax

Absolute

τavg

kr

knr

ΦPL

(ns)

(108 s-1)

(108 s-1)

(nm)

(nm)

ΦPL

(ns)

(108 s-1)

m-MHPI

317

461

0.062

0.66

0.94

14

317

447

0.27

2.39

1.1

3.1

HPI

318

470

0.15

1.77

0.85

4.8

319

461

0.35

3.67

0.95

1.8

HPO

333

475

0.14

1.46

0.96

5.9

332

477

0.20

1.97

1.0

4.1

o-MHPI

301

499

0.004

-

-

-

299

475

0.29

3.75

0.77

1.9

p-MHPI

341

511

0.018

0.31

0.58

32

339

495

0.44

4.96

0.89

1.1

p-MHPIC

371

513

0.032

0.43

0.74

23

371

506

0.44

4.43

0.99

1.3

HPT

349

520

0.088

1.23

0.72

7.4

348

518

0.4

3.48

1.1

1.7

HPNO

333

628

0.006

0.82

0.073

12

332

623

0.04

0.99

0.40

9.7

HPNT

355

425,

0.001

0.18

0.056

56

353

428,

0.009

0.26

0.34

38

681

674
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The first strategy of the substitution approach is donor substitution at
the phenol ring of HPI. As previously reported by Park et al.,12a DFT
calculation results show that π-electrons of both HOMO and LUMO are
extensively delocalized over the whole molecule in the case of E form of HPI.
But, the occurrence of proton transfer, forming a K form, brings about πelectron deficiency at a specific position especially in the phenol ring. In the
case of K form of HPI, π-electron density of the HOMO at meta-position to
the ketone group is extremely lower than the other positions. In contrast, πelectron density of the LUMO is deficient at para-position to the ketone group
of the K form of HPI (see Figure II-3). It is, therefore, expected that adding a
methoxy group at the meta-position should raise the LUMO energy of the K
form while hardly affecting the HOMO level, to give an overall hypsochromic
shift of the K* emission. Conversely, a similar substitution at the paraposition should raise only the HOMO energy of the K form, resulting in a
bathochromic shift of the K* emission.
As we intended, m-MHPI (M denotes “methoxy”) showed blueshifted (9 nm in CHCl3 solution and 14 nm in PMMA film, respectively)
emission, while o-MHPI and p-MHPI showed red-shifted (29 nm for o-MHPI
and 41 nm for p-MHPI in CHCl3 solution, respectively) compared to that of
non-substituted HPI (see Table II-2 and Figure II-4). p-MHPIC showed more
red-shifted emission (λmax = 513 nm in CHCl3 and 506 nm in PMMA film)
compared to that of p-MHPI due to additionally implemented crosslinking
strategy.
The last strategy for the emission spectrum tuning is modification of
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central heterocycle ring. According to this concept, we changed the central
imidazole unit of HPI to oxazole and thiazole, respectively, which is more
electron withdrawing (deficient) heterocyclic aromatic compounds. Because
of more electron deficient character of the oxazole and thiazole than original
imidazole, the LUMO levels of oxazole and thiazole derivatives (HPO, HPT,
HPNO and HPNT, O denotes “oxazole” and T denotes “thiazole”,
respectively) should be stabilized more than their HOMO level, resulting in
decrease of their bandgap. As a consequence, more significantly red-shifted
emissions were observed from HPO (λmax = 475 nm), HPT (λmax = 520 nm),
HPNO (λmax = 630 nm), and HPNT (λmax = 681 nm), respectively.
Figure II-5a shows the comparison of experimental optical bandgap
and calculated results. It should be also noted that the linear plotted line gives
a sufficiently straight feature (r = 0.95437, SD = 0.04536). Likewise, the
calculated transition energy of K form of the molecules were plotted and
compared to the experimental results (emission maximum) for each molecule
(see Figure II-5b). Obtained linear correlation from them (r = 0.92009, SD =
0.0873) also strongly suggests our theoretical calculations have a quite good
correlation for molecular design strategies of substitution approach.

59

Calculated Bandgap (eV)

(a)

4.2

4.0

3.8

y=1.02x + 0.57
R2= 0.95437
3.6

2.9

3.0

3.1

3.2

3.3

3.4

3.5

3.6

Measured Bandgap (eV)

Calculated Bandgap of Keto (eV)

(b)

3.4

3.2

3.0

2.8

y=1.00x + 0.67
R2= 0.92009

2.6

2.4

1.8

2.0

2.2

2.4

2.6

2.8

Measured Emission Energy (eV)

Figure II-5. (a) Plot of calculated bandgap of E form in gas phase vs.
experimentally measured optical bandgap in solution. (b) Plot of calculated
transition energy of K form in gas phase vs. experimentally measured
maximum emission energy in solution.
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II-3.4 Quantum Yield and Fluorescence Lifetime Study
To

identify

photophysical

properties

of

the

azole

molecules,

photoluminescence quantum efficiencies (ΦPL) were monitored together with
fluorescence lifetime and rate constants for the decay after ESIPT. The nonradiative decay rate constant (knr) can be deduced from knr = kobs – kr, in which
kobs and kr indicate the observed and radiative decay rate constants,
respectively. kr can be deduced by kr = kobs ΦPL, in which ΦPL specifies the
emission quantum yield (see Chapter I-4.2).
As mentioned above, all of the azole molecules showed enhanced
fluorescence in the solid state compared to that in the solution state (see Table
II-1 and II-2).12,13 It is noteworthy that knr of the azole molecules decreased by
at least more than half while their kr values slightly increased in the solid state
except for napththalene substituted derivatives (e.g., HPNI, HPNIC, HPNO,
and HPNT). It is rationalized that the steric crowding of the peripheral phenyl
rings prevents tight stacking of the azole molecules, thereby maintining
appropriate intermolecular distances to suppress intermolecular non-radiative
decay pathways.26 In particular, methoxy substituted molecules showed very
low emission quantum yield in the solution (ΦPL, solution = 0.062, 0.004, 0.018,
and 0.032 for m-MHPI, o-MHPI, p-MHPI, and p-MHPIC, respectively);
however, much enhanced emission were observed from these molecules in the
solid state. It must be noted that the emission enhancement in the solid state
reached as high as 72 times for o-MHPI (ΦPL, film = 0.29). It is speculated that
the very low emission quantum yield of these molecules in the solution is
attributed to the increased vibrational and rotational motion from the methoxy
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substituent. It was found that knr of the methoxy-substituted azoles in the
solution are one order of magnitude higher than those of the others. In the
solid state, however, knr values of the methoxy-substituted azoles became
comparable to those of the others, resulting in the drastic emission
enhancement.
On the other hand, intriguing photophysical properties are observed,
for which the emission quantum yield reveals a decreasing tendency upon
naphthalene substitution, even though non-proton transferred enolic emission
bands (E*) are observed from HPNO and HPNT (ΦPL, film = 0.22, 0.16, 0.04,
and 0.009 for HPNI, HPNIC, HPNO, and HPNT, respectively). It was found
that the kr values of naphthalene-substituted azoles are several times lower
than those of the other molecules. In addition, a sharp rise in the knr values
was observed from the naphthalene-substituted azoles upon increasing their
emission wavelength (knr, film = 1.6, 2.9, 9.7, and 38 × 108 s-1 for HPNI,
HPNIC, HPNO, and HPNT, respectively). This is attributed to increased rate
of internal conversion (IC) from S1 to S0 of the K tautomer which is very
sensitive to the energy gap between the two electronic states.40 For the K*→K
deactivation process, the rate constant of IC from K* to K can be estimated
by ν exp(–α∆E) where α is a proportionality constant and ∆E indicates the
emission energy gap, which is referred to as the energy-gap law.
In our study, almost all HPI derivatives showed intense fluorescence
with rather fast kr, compared to previously reported ESIPT fluorophores.39,41
Especially, previously reported ESIPT red-emitting materials typically
showed very weak fluorescence emission of less than ΦPL = 0.005,39 but
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synthesized HPNI, HPNIC, HPNO and HPNT molecules showed several
times stronger emission efficiencies than the typical ESIPT orange-red
fluorophores in the solution state as well as in the solid state.

II-4 Conclusions
In conclusion, an ideal material for future light source should be cost-effective,
stable, robust, emissive over the whole visible light region, not suffer from
self-absorption, and easily reproducible.34 With this goal in mind, we have
successfully synthesized and characterized emission tuned azole-based ESIPT
materials, and we comprehensively demonstrated the strategy by extensive
experimental results as well as theoretical calculations. Because these
spectral-tuned

molecules

showed

intense,

reproducible,

and

stable

photoluminescence in solid state, the molecules are expected to have a
significant impact on the development of a new class of displays and light
sources.
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Chapter III. Realizing Molecular Pixel System for
Full-color Fluorescence Reproduction: RGBEmitting Molecular Mixtures Completely Free
from Energy Transfer Crosstalk
III-1 Introduction
During the past decades, extensive attention has been paid to multicolor
luminescent materials due to their application potential in flexible full-color
displays,1-3 in the next-generation lighting sources,4-6 and in bio-imaging
agents to decipher multiple biological events simultaneously.7-10 The method
to generate multicolor luminescence is to blend either three primary colors
(i.e., red, green, and blue) or two complementary colors (i.e., blue and yellow),
while keeping their emission sources independent and free from energy
transfer crosstalk through spatial separation of them.11 In fact, this strategy has
been widely used as RGB-emitting pixel system in full-color displays.12
According to the additive color theory, the entire range of emission colors in
the color gamut can be predictable and conveniently reproducible by control
of emission intensity ratios between micron-sized RGB color pixels. Contrary
to bulk pixels, however, reproducing color in a molecular scale by simple
mixing of different RGB chromophores is problematic due to the prevalent
and unavoidable energy transfer between them.13 Since the efficiency of
energy transfer is exponentially enhanced as the components concentration
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increases, overwhelmingly dominant emission from the lower band-gap
components is routinely observed even when they are present in very small
amounts.
This energy transfer crosstalk, which is a main obstacle against the
realization of ‘molecular pixel’, proceeds through the interaction between an
excited-state donor and a ground-state acceptor, irrespective of its actual
mechanism (i.e., Förster, Dexter, and trivial). Since the excited-state of donor
and the ground-state of acceptor are highly populated under illumination, the
energy transfer between conventional fluorescent dyes cannot be blocked at
all.

Accordingly,

enormous

research

efforts

to

achieve

multicolor

luminescence including white emission have been directed to the elaborate
tuning of mixing ratios between energy transferable dyes by trial and error in
a specific condition based on gels,14-19 metal complexes,20-21 metal-organic
frameworks (MOFs),22-23 self-assembled nanoparticles,24-27 copolymers,28-31
polymeric nanoparticles,32-34 silica nanoparticles,35-38 and supramolecular
polymers,38-40 instead of completely blocking the energy transfer between
different molecules. This approach, however, requires repetitive and timeconsuming experiments to check all of emission spectrum for every single
mixing ratio of dyes one by one. Needless to say, it is almost impossible to
predict and reproduce the emission colors of the mixture precisely in every
circumstance.
Very

recently,

unconventional

multicolor-emitting

molecules

showing frustrated energy transfer crosstalk between the emitting centers (i.e.
molecular pixel behavior) have been reported by several groups including us,
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which exploit excited-state intramolecular proton transfer (ESIPT) process.4147

ESIPT relies in an enol-keto phototautomerization process of molecules that

possess an intramolecular hydrogen bond between a proton-donor (i.e., -OH)
and a proton-acceptor (i.e., –N=) in a five- or a six-memberedring.48-50 The
photoinduced tautomerization transiently generates a keto form (i.e., =O and –
NH–), which typically produces fluorescence with a large Stokes shift (600012000 cm–1). Reverse proton transfer in the ground state from the keto form
(K) to the original enol form (E) completes a four-level cyclic proton transfer
reaction (E→E*→K*→K→E, see Scheme III-1). Since the ground-state K
exists only transiently due to the subsequent backward proton transfer, the
population of ground-state K as a potential energy acceptor is negligible. As a
result, the energy transfer between the ESIPT molecules (i.e. interaction
between the K* of donor and K of acceptor) can be totally frustrated (see
broken arrows and blanked circles in Scheme III-1).
The frustrated energy transfer between ESIPT chromophores enable
them to behave as independent color pixels, even though they are located
close to each other within molecular length scale. Even by covalently linking
a pair of complementary color emitting imidazole ESIPT derivatives as subpixels (blue and yellow), we have already demonstrated a two-color
‘molecular pixel’.42,44 Various photo- and electroluminescence colors from
blue through white to yellow could be successfully generated from this
molecular pixel emitter by modulating either photo-excitation wavelength or
charge carrier balance. For the realistic full-color reproduction, however, we
still have to develop a modular system composed of three primary color
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molecular pixels.
In this chapter, we demonstrate a simple and straightforward mixture
system which consists of RGB-emitting molecular pixels harnessing ESIPT
for full-color fluorescence reproduction. It is specifically shown that the
whole range of emission colors enclosed within the RGB color triangle is
precisely predicted and conveniently reproduced from the RGB molecular
pixels by adjusting mixing ratios of them, which is based on the exact additive
color theory, not only in the solutions but also in the polymer films.
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K2

K1

No population

E1

O H
N

Enol form (E)
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Enol absorption 2

E2*

K1*

Keto
emission 2

Keto emission 1

Energy level

Enol absorption 1

E1*

E2

O H
N

Keto form (K)

Scheme III-1. Schematic representation of the frustrated energy transfer
principle based on ESIPT. The blanked circles () mean population of each
state.
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III-2 Experimental Section
Materials obtained from commercial suppliers were used without further
purification unless otherwise stated. DCM dye was purchased from SigmaAldrich. All glassware, syringes, and needles were thoroughly dried in a
convection oven.
UV-vis. absorption spectra were collected on a Shimadzu UV1650PC spectrophotometer at room temperature. Fluorescence spectra were
obtained by using Varian Cary Eclipse fluorescence spectrophotometer. The
photoluminescence quantum efficiencies (Φr,

PL)

in solution were obtained

using Quinine sulfate in 1.0 N sulfuric acid as a reference. On the other hand,
the Φab, PL in thin films on a quartz plate were measured using a 3.2-inch
integrating sphere equipped in QM-40 spectrophotometer (Photon Technology
International, Canada). Time-resolved fluorescence lifetime experiments were
performed through the time-correlated single photon counting (TCSPC)
methods by using a FluoTime 200 instrument (Picoquant, Germany). A 342
nm pulsed LED with repetition rate of 10 MHz was used as an excitation
source. Fluorescence decay profiles were analyzed by FluoFit Pro software,
using

exponential

fitting

models

through

deconvolution

employing

instrumental response functions (IRF).
All density functional theory (DFT) calculations were carried out in
the gas phase using the Gaussian 09 quantum-chemical package.51 The
geometry optimizations for the ground state of imidazole and oxazole
derivatives were performed using B3LYP functionals with 6-31G(d,p) basis
set.52 Vibration frequency calculations at the same level were performed for
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the obtained structures to confirm the global minimum.

III-3 Results and Discussion
III-3.1 Materials Selection
In order to construct a molecular pixel system for full-color reproduction,
three primary color emitting ESIPT chromophores having suitable
Commission Internationale de l’Eclairage (CIE) chromaticity coordinate as
well as high fluorescence quantum yield are ideally desirable. The hydroxysubstituted tetraphenylimidazole derivatives are typical ESIPT molecules
which emit strong fluorescence not merely in the solution but more intensely
in the solid state. It is rationalized that the steric crowding of the four phenyl
rings prevents tight stacking of the active chromophores, thereby maintaining
appropriate intermolecular distances to suppress intermolecular non-radiative
decay pathways.53-58 A highly efficient amplified spontaneous emission as
well as organic light-emitting diodes (OLEDs) was successfully demonstrated
with the ESIPT-active imidazole molecules incorporating multifunctional
substituents.42,44,53,54 We have already developed and demonstrated a series of
fifteen azole ESIPT derivatives whose emission wavelength was widely tuned
from 447 nm to 674 nm (see Chapter II). In the series, m-MHPI, p-MHPIC,
and HPNO were selected as a blue, green, and red emitting molecular pixel,
respectively (see Scheme III-2).
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Scheme III-2. Chemical structures of the ESIPT chromophores used as RGB
molecular pixels and a schematic illustration of the frustrated energy transfer
crosstalk.
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III-3.2 Identification of Molecular Pixel Characteristics
Steady-state UV-Vis absorption and normalized fluorescence emission
spectra of the selected molecules in chloroform solution and dye-doped
polymethyl methacrylate (PMMA) films are shown in Figure III-1a and b,
respectively. The details including photoluminescence quantum yields (ΦPL)
and fluorescence lifetimes (τ) are also summarized in Table III-1. m-MHPI
and p-MHPIC showed blue (λmax = 461 nm) and green (λmax = 513 nm)
fluorescence emission in the solution which were blue- (11 nm) and redshifted (41 nm) compared to that of non-substituted HPI (λmax = 472 nm),
respectively. HPNO exhibited red (λmax = 628 nm) K* emission with a very
weak E* emission band at around 410 nm in the solution. The relative
quantum yields (Φr,PL) of the solutions are 0.062, 0.032, and 0.0057 for the
blue (m-MHPI), green (p-MHPIC), and red (HPNO) emissions, respectively.
On the other hand, a slight hypsochromic shift of the emission was
observed in the azole dye-doped PMMA films whereas their absorption were
almost identical to those in the solution. Nevertheless, the azole molecules
still fluoresce three primary RGB colors in the polymer films, respectively.
Furthermore, it is noteworthy that these RGB azole derivatives exhibited a
large Stokes shifted emission (> 130 nm) between 440 and 630 nm
originating from their respective K tautomers while their absorption spectra
were all localized within UV region, leading to almost no spectral overlap
between their absorption and emission bands.
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Figure III-1. Optical properties of the selected ESIPT molecules. Absorption
(filled symbols) and normalized photoluminescence (empty symbols) spectra
of m-MHPI (■), HPI (), p-MHPIC (▲), and HPNO (▼) (a) in solution
(CHCl3, c = 1 × 10–5 M) and (b) in dye-doped PMMA films (c = 1 wt %) at
room temperature. The excitation wavelength was 330 nm for the solutions
and 340 nm for the films, respectively.
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Table III-1. Photophysical properties of the azole derivatives in CHCl3 solution and PMMA doped thin films.
Solutiona

m-MHPI

HPI

HPNO

a10

λmax,abs

ε

λmax,em

(nm)

(L mol–1 cm–1)

(nm)

317

2.23 × 104

461

319

p-MHPIC

Filmb

371

333

1.91 × 104

2.17 × 104

2.15 × 104

472

513

628

Φr,PLc

0.062

0.15

0.032

0.0057

λmax,abs

λmax,em

(nm)

(nm)

317

447

318

462

371

506

332

422, 623

Φab,PLd

0.27

0.37

0.44

0.014

Fluorescence Lifetimee
τ1 (ns)

τ2 (ns)

τavg(ns)

2.14

3.07

2.40

(71.9%)

(28.1%)

2.42

3.93

(24.7%)

(75.3%)

1.59

5.04

(25.4%)

(74.6%)

0.63

1.56

(69.9%)

(30.1%)

3.55

4.16

0.91

µM in CHCl3. b1 wt% of dye doped in PMMA. cThe relative PL quantum yields were measured using quinine sulfate as a reference. dThe

absolute PL quantum yields were measured using an integrating sphere with QM40 spectrophotometer. eThe fluorescence lifetime values of the films
were measured at 440, 460, 520, and 620 nm for m-MHPI, HPI, p-MHPIC, and HPNO, respectively

78

To identify a given set of chromophores as molecular pixels, emission
spectrum of individual chromophore molecule should be unaffected by the
presence of other chromophores when they are mixed together even to the
very high concentrations. To confirm the independent emission, three sets of
ternary mixture solutions were prepared in molar ratios of m-MHPI:pMHPIC:HPNO = 5:3:1, 1:1:1, and 1:3:5, respectively, at various total
chromophore concentrations from 1 µM to 1 mM. As expected for the
molecular pixels showing frustrated energy transfer crosstalk, the measured
emission spectra of the mixture solutions could be precisely estimated by
simply adding the emission spectra of individual components weighted to
their mixing ratios (see the scattered symbols and dashed lines in Figure III2). It should be noted that spectral shape of a given mixture solution is
independent of its total chromophore concentration, providing unambiguous
evidence for frustrated energy transfer between the emitting components in
the mixture solutions. The main principle and working mechanism of
frustrated energy transfer between ESIPT azole species have been described
in full detail in our earlier publication.42
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Figure III-2. Normalized emission spectra of the ESIPT dye ternary mixtures
with molar ratios of m-MHPI:p-MHPIC:HPNO = (a) 5:3:1, (b) 1:1:1, and (c)
1:3:5 in chloroform solution at different concentrations (1 × 10–6 to 1 × 10–3
M), respectively. The dashed lines indicate the estimated spectra of the
mixture (black) and the corresponding dye component: m-MHPI (blue), pMHPIC (green), and HPNO (red), respectively. The excitation wavelength
was 330 nm.
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On the contrary, as total chromophore concentration increased, a significant
red-shift of emission was observed from binary mixture solutions containing
m-MHPI and a well-known conventional red emitter (λmax,abs = 471 nm and
λmax,PL = 565 nm in 10 µm CHCl3 solution) 4-(dicyanomethylene)-2-methyl6-(4-dimethylaminostyryl)-4H-pyran (DCM, see Figure III-3a).59 Above 0.1
mM of total concentration, the blue emission from m-MHPI at around 460
nm was almost completely quenched whereas the red emission from DCM at
around 580 nm was noticeably enhanced (see Figure III-3b). This is
attributed to efficient energy transfer from m-MHPI to DCM because the
emission of m-MHPI and the absorption of DCM have significant overlap
(spectral overlap integral, J (λ) = 1.25 × 1015 nm4 M–1 cm–1).60 It means that
conventional DCM molecules are very good energy acceptor for K*
emission of m-MHPI in the mixed solutions.
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Figure III-3. (a) Absorption (filled symbols) and emission spectra (blanked
symbols) of m-MHPI (■) and DCM (). Inset: Chemical structure of DCM.
(b) Normalized emission spectra of the binary mixture with molar ratios of mMHPI:DCM = 1:1 in chloroform solution at different concentrations (1 × 10–6
to 1 × 10–3 M). Arrows indicate direction of spectral changes with increasing
dye concentrations. The excitation wavelength was 320 nm.
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III-3.3 Fluorescence Color Reproduction
We evaluated molecular pixel behavior of the synthesized ESIPT molecules
by reproducing colors in the CIE 1931 XYZ color space and the xy
chromaticity diagram.11 The tristimulus values X, Y, and Z of a emission Φ (λ)
can be obtained by mathematically integrating the emission spectrum with the
corresponding color matching functions x(λ), y(λ), and z(λ), respectively. The
chromaticity of the emission is then specified by the two derived parameters x
and y as follows:

X
X +Y + Z
Y
y=
X +Y + Z

x=

(III-1)

The chromaticity coordinates (x, y) of the azole molecules in the solution are
(0.167, 0.189) for m-MHPI, (0.260, 0.521) for p-MHPIC, and (0.601, 0.356)
for HPNO, respectively. As shown in Figure III-4a, the chromaticity
coordinates of m-MHPI, p-MHPIC, and HPNO correspond to blue, green, and
red colors of the CIE 1931 chromaticity diagram, respectively, and form a
color triangle called gamut that is the range of colors which can be generated
from additive combination of the three emissions at its corners.
According to Grassmann’s law, a mixing ratio b:g:r for reproducing
a certain desired color having chromaticity coordinate of (x, y) can be easily
calculated by simple mathematical operations if the mixing components have
additive property.11 Considering three emissions ΦB(λ), ΦG(λ), and ΦR(λ), the
tristimulus values of the emissions are given by (XB, YB, ZB), (XG, YG, ZG), and
(XR, YR, ZR), respectively. Then, the tristimulus values (XM, YM, ZM) of a mixed
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emission ΦM(λ), which is obtained by additive mixing of the three emissions
in a ratio of b:g:r, can be expressed by the following matrix equation.

 XM   XB

 
 YM  =  YB
Z  Z
 M  B

XG
YG
ZG

X R  b 
 
YR  g 
Z R  r 

(III-2)

If a desired color to reproduce have chromaticity coordinates of (xM , yM) with
a certain luminescence YM,

xM =
yM =

XM

XM
+ YM + Z M

XM

YM
+ YM + Z M

(III-3)

Then, XM and ZM are obtained by

XM =
ZM

xM
YM
yM

(III-4)

Y
= M (1 − xM − y M )
yM

And from the matrix equation III-2, the following is obtained:
b  XB
  
 g  =  YB
r Z
   B

XG
YG
ZG

XR 

YR 
Z R 

−1

 XM   XB
 

 YM  =  YB
Z  Z
 M  B

XG
YG
ZG

XR 

YR 
Z R 

−1





1 −





xM

yM

(III-5)
YM
1
xM − y M 


yM


Thus, the mixing ratio b:g:r can be obtained using the tristimulus values of
the RGB emission and CIE color coordinates of the desired color.
A white color (W1) as well as secondary colors including cyan (C1),
yellow (Y1), and magenta (M1) within the triangle were selected to reproduce
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as representative examples (see Figure III-4a). A molar mixing ratio of mMHPI:p-MHPIC:HPNO = 0.077:0.19:1.0 was obtained to reproduce an ideal
white color W1 having chromaticity coordinates of (0.330, 0.330). In practice,
mixing the three imidazole molecular pixels produced a white emission with
chromaticity coordinates of (0.332, 0.330), which is almost identical to the
desired color. In the same way, the other secondary colors were successfully
reproduced with reasonable accuracy as summarized in Table III-2. It is worth
noting that the spectral shape and the chromaticity coordinates of the
reproduced colors did not change at all while total chromophore concentration
varied from 1 µM to 1 mM (see Figure III-4b-e).
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Figure III-4. (a) Emission color coordinates of the solution mixtures in the
CIE 1931 chromaticity diagram: individual ESIPT dyes (★, m-MHPI, HPI, pMHPIC, and HPNO), desired values (△) and experimentally obtained values
of the mixtures (○, W1, C1, Y1, and M1). The inset shows photographs of
the individual ESIPT dyes and the corresponding mixtures under 330 nm UV
light. Normalized emission spectra of the corresponding solution mixtures: (b)
W1, (c) C1, (d) Y1, (e) M1 at different concentration (1 × 10–6 to 1 × 10–3 M).
The black solid lines indicate the expected spectra of the mixtures. The
excitation wavelength was 330 nm
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Table III-2. Mixing ratios and the CIE chromaticity coordinates of the
mixture solutions and the PMMA doped mixture films.
Name

Solution

Film

a

Chromaticity coordinates (x, y)

Mixing Ratioa
b

g

r

Desired

Obtained

W1

0.077

0.19

1.0

0.330, 0.330

0.332, 0.330

C1

0.37

1.0

0

0.205, 0.326

0.204, 0.323

Y1

0

0.37

1.0

0.390, 0.458

0.394, 0.457

M1

0.11

0

1.0

0.320, 0.248

0.322, 0.242

W2

0.019

0.015

1.0

0.330, 0.330

0.327, 0.332

C2

1.0

0.91

0

0.190, 0.329

0.192, 0.336

Y2

0

0.023

1.0

0.380, 0.434

0.376, 0.436

M2

0.031

0

1.0

0.320, 0.233

0.318, 0.234

Mixing ratios of b:g:r are m-MHPI:p-MHPIC:HPNO in moles for the mixture

solutions and HPI:p-MHPIC:HPNO in weight for the mixture films, respectively.
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Importantly, the molecular pixel system functioned not only in the
solution but also in the solid thin films, which is crucial for the real
application. Interestingly, the azole molecular pixels showed remarkably
enhanced emission compared to that in the solution due to the bulky phenyl
rings (see Table III-1 and vide supra). The absolute photoluminescence
quantum yields (Φab,PL) of the films were 0.27, 0.44, and 0.014 for m-MHPI,
p-MHPIC, and HPNO, respectively. However, a slight hysochromic shift in
the emission of the films compared to that in solution (vide supra) resulted in
a small spectral overlap between the emission of m-MHPI and the absorption
of p-MHPIC as well as that of HPNO (see Figure III-5a). It means that
ground-state E form of both p-MHPIC and HPNO turned into a potential
energy acceptor for the K* emission of m-MHPI in the film state. As a result,
despite fairy small overlap (J (λ) ~ 1 × 1012 nm4 M–1 cm–1),60 it was observed
that the blue emission from m-MHPI at around 440 nm was significantly
decreased while the green and red emissions from p-MHPIC and HPNO at
around 500 and 610 nm were non-negligibly enhanced due to partial energy
transfer from m-MHPI to p-MHPIC and HPNO in their simple binary mixture
films (m-MHPI:p-MHPIC and m-MHPI:HPNO = 1:1 in weight), respectively
(see Figure III-5b, c).
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Figure III-5. (a) Spectral overlap between emission of m-MHPI and
absorption of p-MHPIC and HPNO films. Normalized emission spectra of the
m-MHPI binary mixture films: (b) MP11 (m-MHPI:p-MHPIC = 1:1 in
weight), (c) MO11 (m-MHPI:HPNO = 1:1 in weight). The red lines indicate
the estimated spectra of the mixtures and the dashed lines indicate estimated
spectra of the corresponding dye components. The excitation wavelength was
340 nm
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Fortunately, however, such inappropriate blue molecular pixel for
full-color reproduction in the film state could be replaced by HPI. Due to the
hypsochromic shift of the emission in the PMMA film, the HPI-doped film
showed appropriately blue-shifted emission color in the CIE diagram which
made no spectral overlap with p-MHPIC and HPNO (see Figure III-5a and
III-6a). The chromaticity coordinates (x, y) of the imidazole-doped films are
(0.150, 0.156) for HPI, (0.229, 0.499) for p-MHPIC, and (0.575, 0.350) for
HPNO, respectively. Through the exactly same procedures as in the solution,
representative colors including a white (W2), cyan (C2), yellow (Y2), and
magenta (M2) within the gamut were successfully reproduced in the films
(see Figure III-6a and Table III-2). Moreover, it should be noted that all of the
reproduced emission spectra were exactly matched with predicted ones, which
unambiguously confirmed their molecular pixel behavior (see Figure III-6b-e).
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Figure III-6. (a) Emission color coordinates of the ESIPT dye-doped PMMA
film mixtures (total c = 1 wt %) in the CIE 1931 chromaticity diagram:
individual ESIPT dyes (★, m-MHPI, HPI, p-MHPIC, and HPNO), desired
values (△) and experimentally obtained values of the mixtures (○, W2, C2,
Y2, and M2). The inset shows the photographs of the individual ESIPT dyes
and the corresponding mixtures under 340 nm UV light. Normalized emission
spectra of the corresponding film mixtures: (b) W2, (c) C2, (d) Y2, (e) M2.
The excitation wavelength was 340 nm.

91

III-3.4 Fluorescence Lifetime Study
Finally, fluorescence lifetime measurements could underpin that the molecular
pixel behavior of the films is attributed to the frustrated energy transfer
between the ESIPT molecules. As summarized in Table III-1, all of the four
azole molecules exhibited biexponential decay in PMMA films (see Figure
III-7 for decay profiles). To check fluorescence lifetime changes, five different
binary mixture films were prepared in 1:1 weight ratio: 1) HPI and p-MHPIC
(HP11); 2) HPI and HPNO (HO11); 3) p-MHPIC and HPNO (PO11); 4) mMHPI and p-MHPIC (MP11); 5) m-MHPI and HPNO (MO11), respectively.
In conventional resonant energy transfer system, the presence of acceptor
molecules shortens the fluorescence lifetime of donor molecules.13 In contrast,
HPI being an ineffective energy donor exhibited almost unaltered decay
profiles (χ2 = 1.04) with lifetimes of 2.42 ns (33.6%) and 4.02 ns (66.4%) in
the HO11 film when monitored at 500 nm (see Figure III-8a). Similarly, in
spite of the presence of excess amount of HPNO, p-MHPIC did not show any
significant lifetime changes in the PO11 film with time constant of 1.63 ns
(26.6%) and 5.00 ns (73.4%) when monitored at 520 nm (χ2 = 1.05, see Figure
III-8b). Moreover, even slightly lengthened lifetime decay profiles of a
possible donor component were observed in the HP11 film. The measured
time constants of HPI in the film were 2.91 ns (57.3%) and 4.24 ns (42.7%) at
420 nm (χ2 = 1.01, see Figure III-8c). On the contrary, shortened lifetime
decay profiles of m-MHPI obtained in both MP11 (1.39 ns and 2.81 ns at 420
nm, see Figure III-8d) and MO11 (1.58 ns and 2.90 ns at 500 nm, see Figure
III-8e) films indicate the presence of energy transfer from m-MHPI to p92

MHPIC and HPNO respectively, consistent with the steady state results stated
above.
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Figure III-7. Lifetime decay profiles (red dots) of the (a) m-MHPI-, (b) HPI-,
(c) p-MHPIC-, and (d) HPNO-doped PMMA film (total concentration = 1
wt %) monitored at 440, 460, 520, and 620 nm, respectively, with 342 nm
excitation. The instrumental response functions (IRF) are represented in blue
dots, fits in black solid lines; lower black lines are the residuals.
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Figure III-8. Lifetime decay profiles (red dots) of the (a) HO11-, (b) PO11-,
(c) HP11-, (d) MP11-, and (e) MO11-doped PMMA film (total concentration
= 1 wt %) monitored at 500, 520, 420, 420, and 500 nm, respectively, with
342 nm excitation. The instrumental response functions (IRF) are represented
in blue dots, fits in black solid lines; lower black lines are the residuals.
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III-4 Conclusions
We have successfully constructed a molecular pixel system for full-color
reproduction consisting of three primary color-emitting azole ESIPT
molecules between which energy transfer was totally frustrated. The whole
color gamut within the color triangle on the CIE 1931 diagram could be easily
predicted and precisely reproduced by the simple mathematical operations
based on additive color theory. It is expected that this unprecedented
demonstration of molecular pixel system will pave the way to the innovative
optoelectronic applications in future displays and biological imaging.
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Chapter IV. Excited-State Intramolecular Proton
Transfer (ESIPT)-Triggered Efficient Thermally
Activated Delayed Fluorescence (TADF)
IV-1 Introduction
Organic molecules possessing an intramolecular hydrogen bond
often

exhibit

excited-state

intramolecular

proton

transfer

(ESIPT)

phenomenon accompanying unique photophysical properties such as largely
Stokes shifted (6000-12000 cm–1) fluorescence.1 The ESIPT reaction, a fourlevel

photocycle

(see

Scheme

IV-1)

involving

an

ultrafast

phototautomerization process between enol (E) and keto (K) form, has
attracted great attention because of not only its fundamental importance but
also its potential optoelectronic applications including lasers,2 solar
concentrators,3 chemical probes,4 and organic light-emitting diodes
(OLEDs).5 The dynamic features of ESIPT process have been extensively
investigated in numerous heterocyclic compounds, so far.6 However, studies
on triplet states of the ESIPT materials and the concomitant delayed
luminescence (i.e. delayed fluorescence and phosphorescence) are rather
scarce, although a few examples have been discussed in some azoles,7
quinoxalines,8 and salicylates.9 In early times, Kasha et al. classified ESIPT
processes into three different categories according to the lowest triplet state
(T1) potential difference between E and K tautomers and commented on
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characteristic phosphorescence caused by backward proton transfer via
triplet manifold.10
Recently, several ESIPT molecules exhibiting phosphorescence and
delayed fluorescence emission at room temperature have been reported.11,12
Purely organic

molecules

without

heavy atoms

are

usually non-

phosphorescent because intersystem crossing (ISC) is fairly inefficient as a
spin forbidden process.13 In contrast, the photoinduced tautomerization in
ESIPT molecules transiently generates a K form tautomer (i.e., =O and –NH–
), which typically produces intramolecular charge transfer (ICT) character
inducing efficient ISC and reverse ISC (RISC) due to small energy separation
(∆EST) between the lowest excited singlet state (S1) and the triplet state (T1) of
the K tautomer. For example, Park and colleagues reported thermally
activated delayed fluorescence (TADF) from imidazole ESIPT molecules, HPI
and HPI-Ac.12 As shown in Scheme IV-1, the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO) of E form of HPI
delocalized over the whole molecule and thus E form is assumed to have large
∆EST

value.

Proton-transferred

K

form,

however,

generated

upon

photoexcitation, should have small ∆EST value because ICT where the HOMO
and LUMO orbitals of K form are decoupled from each other make the
singlet-triplet exchange energy of K negligible.14 The kinetically measured
∆EST value of K form of HPI-Ac was as low as 0.079 eV.12 Gryko and his coworkers also reported that the proton transfer process of imidazole derivatives
triggers the population of excited-state triplet states.15
On the other hand, TADF from organic molecules has emerged as a
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phenomenon which can be a major breakthrough towards high-performance
OLEDs.16 A remarkable feature of TADF in OLEDs is up-conversion of
excitons from the T1 of a compound to its S1, which results in nearly 100 %
electron-to-photon conversion efficiency in OLED devices.
In this chapter, we intend to shed light on the dynamics of the ESIPT
process in detail, specifically related to the triplet states and delayed
fluorescence, taking advantage of time-resolved spectroscopic techniques and
quantum chemical calculations. To this end, we have designed hydroxylsubstituted tetaphenyl imidazole derivatives into which electron donating and
accepting substituents are systematically introduced. Upon excitation, ESIPT
of the imidazole molecules triggers spatial separation of HOMO and LUMO
on the donor and acceptor fragments, respectively, resulting in an extremely
small singlet-triplet energy gap and consequently efficient TADF emission.

Scheme IV-1. Schematic representation of ESIPT photocycle of HPI and
ESIPT-triggered TADF.
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IV-2 Experimental Section
IV-2.1 Materials and Synthesis
Materials obtained from commercial suppliers were used without further
purification unless otherwise stated. All glassware, syringes, magnetic stirring
bars, and needles were thoroughly dried in a convection oven. Reactions were
monitored using thin layer chromatography (TLC) with commercial TLC
plates (silica gel 60 F254, Merck Co.). Silica gel column chromatography was
performed with silica gel 60 (particle size 0.063 – 0.200 mm, Merck Co.). 1H
and

C NMR spectra were recorded on a Bruker Avance 300 spectrometer.

13

Low resolution and high resolution mass spectra were acquired by employing
a JEOL JMS-600W, a JEOL JMS-700GC, and Applied Biosystems Tempo
nano HPLC/QSTAR Elite spectrometers. Elemental analyses were performed
on a CE Instrument EA1110 instrument.
Synthesis of 9-(3-methoxyphenyl)-9H-carbazole (3). 9H-carbazole (1, 3.00
g, 17.94 mmol), copper (I) iodide (0.34 g, 1.794 mmol), potassium carbonate
(4.96 g, 35.88 mmol), L-proline (0.41 g, 3.58 mmol) were dissolved in
DMSO (100 mL) at room temperature under Ar atmosphere. Subsequently,
3-iodoanisole (2, 5.46 g, 23.32 mmol) was added to this solution dropwise.
The mixture was heated to 180 °C and stirred 1 h. Toluene (25 mL) was
added to the reaction mixture and precipitates were filtered off. The filtrate
was concentrated in vacuo. Silica gel column purification with EtOAc:nhexane (1:20, v/v) gave 4.11 g of oil with some impurities (yield = 84.0 %).
The crude product was used in the following synthesis steps without further
purification. 1H NMR (300 MHz, CDCl3) δ: 8.14 (d, J = 7.7 Hz, 2H), 7.56 –
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7.34 (m, 6H), 7.34 – 7.21 (m, 2H), 7.15 (d, J = 7.8 Hz, 1H), 7.10 (t, J = 2.2
Hz, 1H), 7.00 (dd, J = 8.3, 2.7 Hz, 1H), 3.85 (s, 3H).
Synthesis of 3-(9H-carbazol-9-yl)phenol (4). 9-(3-methoxyphenyl)-9Hcarbazole (3, 7.11 g, 26.02 mmol) was dissolved in dichloromethane (100
mL) at -75 °C. Subsequently, boron tribromide (13.03 g, 52.12 mmol) was
added to this solution dropwise at -75 °C. The mixture was stirred overnight
at room temperature. The reaction mixture was dropwise into copious
amount of water. After neutralization, the organic compounds were extracted
with CH2Cl2 (100 mL, three times), which was dried over anhydrous MgSO4
and concentrated. Silica gel column purification with EtOAc:n-hexane (1:10,
v/v) gave 5.70 g of white powder (yield = 84.5 %). 1H NMR (300 MHz,
CDCl3) δ: 8.13 (d, J = 7.7 Hz, 2H), 7.55 – 7.31 (m, 5H), 7.31 – 7.21 (m, 2H),
7.13 (d, J = 8.0 Hz, 1H), 7.02 (t, J = 2.0 Hz, 1H), 6.91 (dd, J = 8.1, 2.3 Hz,
1H), 5.02 (s, 1H).

13

C NMR (75 MHz, CDCl3) δ: 156.91, 140.93, 139.17,

131.00, 126.16, 123.58, 120.48, 120.18, 119.66, 114.71, 114.27, 110.11.
HRMS (EI, positive) calcd for C18H13NO (M), 259.0997; found, 259.0999.
Synthesis of 4-(9H-carbazol-9-yl)-2-hydroxybenzaldehyde (5). 3-(9Hcarbazol-9-yl)phenol (4, 5.00 g, 19.28 mmol), magnesium (II) chloride
anhydrous (7.34 g, 77.13 mmol), and paraformaldehyde (3.47 g, 115.6
mmol) were dissolved in acetonitrile (100 mL) at room temperature.
Subsequently, triethylamine (11.71 g, 115.6 mmol) was added to this
suspension dropwise. The mixture was heated at 90 °C overnight. The
reaction mixture was cooled to room temperature and poured onto 300 mL of
water. After neutralization, the organic compounds were extracted with
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EtOAc (100 mL, three times), which was dried over anhydrous MgSO4 and
concentrated. Silica gel column purification with EtOAc:n-hexane (1:20,
v/v) gave 2.97 g of white powder (yield = 53.6 %). 1H NMR (300 MHz,
CDCl3) δ: 11.36 (s, 1H), 9.97 (s, 1H), 8.13 (d, J = 7.7 Hz, 2H), 7.79 (d, J =
8.2 Hz, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.45 (t, J = 7.4 Hz, 2H), 7.39 – 7.21
(m, 4H).

13

C NMR (75 MHz, CDCl3) δ: 95.57, 163.31, 145.83, 139.90,

135.35, 126.52, 124.35, 121.21, 120.65, 119.22, 117.73, 114.70, 110.38.
HRMS (EI, positive) calcd for C19H13NO2 (M), 287.0946; found, 287.0948.
Synthesis of 4-(9H-carbazol-9-yl)-2-methoxybenzaldehyde (6). 4-(9Hcarbazol-9-yl)-2-hydroxybenzaldehyde (5, 1.00 g, 3.48 mmol) and sodium
hydroxide (0.42 g, 10.44 mmol) were dissolved in DMF (100 mL) at room
temperature. Subsequently, dimethyl sulfate (1.30 g, 10.44 mmol) was added
to this solution dropwise. The mixture was heated at 120 °C overnight. The
reaction mixture was cooled to room temperature and poured onto 300 mL of
water. After neutralization, the organic compounds were extracted with
CH2Cl2 (100 mL, three times), which was dried over anhydrous MgSO4 and
concentrated. Silica gel column purification with EtOAc:n-hexane (1:20,
v/v) gave 0.97 g of white powder (yield = 92.5 %). 1H NMR (300 MHz,
CDCl3) δ: 10.53 (d, J = 0.7 Hz, 1H), 8.15 (d, J = 7.7 Hz, 2H), 8.08 (d, J =
8.2 Hz, 1H), 7.53 (d, J = 8.2 Hz, 2H), 7.49 – 7.40 (m, 2H), 7.38 – 7.20 (m,
4H), 3.97 (s, 3H).

13

C NMR (75 MHz, CDCl3) δ: 188.87, 163.15, 144.93,

140.29, 130.44, 126.51, 124.15, 123.66, 120.96, 120.73, 118.97, 110.13,
109.93, 56.25. HRMS (EI, positive) calcd for C20H15NO2 (M), 301.1103;
found, 301.1107.
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Synthesis of Cbz-HPI. 4-(9H-carbazol-9-yl)-2-hydroxybenzaldehyde (5,
1.00 g, 3.48 mmol) and aniline (0.31 mL, 3.48 mmol) were dissolved in
glacial acetic acid (100 mL) and stirred for 4 h at room temperature. Benzil
(0.73 g, 3.48 mmol) was added to this solution, and ammonium acetate (1.88
g, 24.36 mmol) was added subsequently. The mixture was heated at 120 °C
overnight. After the termination of reaction, the dark solution was poured
into a copious amount of water. After neutralization, the mixture was filtered
and washed with water. Reprecipitation in methanol from dichloromethane
solution afforded white powder (1.17 g, yield = 60.7 %). 1H NMR (300 MHz,
CDCl3) δ: 13.97 (s, 1H), 8.11 (d, J = 7.7 Hz, 2H), 7.58 (dd, J = 8.1, 1.5 Hz,
2H), 7.50 (d, J = 8.2 Hz, 2H), 7.47 – 7.35 (m, 5H), 7.35 – 7.21 (m, 11H),
7.21 – 7.15 (m, 2H), 6.71 (d, J = 2.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ:
160.14, 144.73, 140.61, 139.10, 137.23, 135.47, 133.17, 131.57, 130.91,
130.01, 129.89, 129.70, 128.96, 128.75, 128.58, 127.39, 127.17, 127.05,
126.12, 123.73, 120.43, 120.27, 116.28, 115.82, 112.19, 110.39. HRMS
(FAB, positive) calcd for C39H28N3O [M+H]+, 554.2232; found, 554.2232.
Anal. Calcd for C39H27N3O: C, 84.61; H, 4.92; N, 7.59; O, 2.89. Found: C,
84.43; H, 4.98; N, 7.59; O, 3.04.
Synthesis of HPI-pF. 4.32 g (yield = 65.0 %) of white powder was obtained
by the same procedure for Cbz-HPI, using salicylaldehyde (2.00 g, 16.38
mmol) and 4-fluoroaniline (1.82 g, 16.38 mmol).

H NMR (300 MHz,

1

CDCl3) δ: 13.47 (s, 1H), 7.53 (dd, J = 8.0, 1.6 Hz, 2H), 7.33 – 7.22 (m, 6H),
7.21 – 7.02 (m, 8H), 6.57 – 6.47 (m, 2H).

C NMR (75 MHz, CDCl3) δ:
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164.35, 161.03, 158.69, 145.25, 135.55, 133.16, 131.55, 130.69, 130.58,
107

130.30, 129.90, 128.83, 128.52, 127.32, 127.09, 126.06, 118.19, 118.04,
117.07, 116.76, 113.04. HRMS (FAB, positive) calcd for C27H20FN2O
[M+H]+, 407.1560; found, 407.1567. Anal. Calcd for C27H19FN2O: C, 79.79;
H, 4.71; N, 6.89; O, 3.94. Found: C, 79.72; H, 4.73; N, 6.81; O, 4.11.
Synthesis of HPI-pCF3. 1.46 g (yield = 39.0 %) of white powder was
obtained by the same procedure for Cbz-HPI, using salicylaldehyde (1.00 g,
8.19 mmol) and 4-trifluoromethylaniline (3.96 g, 24.57 mmol). 1H NMR (300
MHz, CDCl3) δ: 13.09 (s, 1H), 7.63 (d, J = 8.3 Hz, 2H), 7.53 (dd, J = 7.9, 1.7
Hz, 2H), 7.32 – 7.20 (m, 8H), 7.19 – 7.08 (m, 4H), 6.53 – 6.44 (m, 2H). 13C
NMR (75 MHz, CDCl3) δ: 158.58, 145.13, 140.56, 136.08, 132.98, 131.50,
130.50, 130.38, 129.59, 129.41, 129.05, 128.97, 128.56, 127.47, 127.17,
126.97, 126.92, 126.25, 118.32, 118.14, 112.79. HRMS (FAB, positive) calcd
for C28H20F3N2O [M+H]+, 457.1528; found, 457.1519. Anal. Calcd for
C28H19F3N2O: C, 73.68; H, 4.20; N, 6.14. Found: C, 73.67; H, 4.38; N, 6.16.
Synthesis of HPI-pCN. 0.95 g (yield = 28.0 %) of white powder was
obtained by the same procedure for Cbz-HPI, using salicylaldehyde (1.00 g,
8.19 mmol) and 4-cyanoaniline (2.90 g, 24.57 mmol). 1H NMR (300 MHz,
CDCl3) δ: 12.93 (s, 1H), 7.66 (d, J = 8.4 Hz, 2H), 7.52 (dd, J = 7.7, 1.7 Hz,
2H), 7.38 – 7.15 (m, 9H), 7.15 – 7.04 (m, 3H), 6.57 – 6.39 (m, 2H). 13C NMR
(75 MHz, CDCl3) δ: 158.54, 145.03, 141.34, 136.32, 133.64, 132.79, 131.48,
130.67, 130.19, 129.84, 129.41, 129.21, 129.07, 128.58, 127.57, 127.15,
126.25, 118.37, 118.24, 117.79, 113.40, 112.57. HRMS (FAB, positive) calcd
for C28H20N3O [M+H]+, 414.1606; found, 414.1600. Anal. Calcd for
C28H19N3O: C, 81.34; H, 4.63; N, 10.16. O, 3.87. Found: C, 81.29; H, 4.64; N,
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10.14; O, 3.92.
Synthesis of Cbz-MePI. 0.93 g (yield = 54.9 %) of white powder was
obtained by the same procedure for Cbz-HPI, using 4-(9H-carbazol-9-yl)-2methoxybenzaldehyde (6, 0.90 g, 2.99 mmol). 1H NMR (300 MHz, CDCl3) δ:
8.13 (d, J = 7.7 Hz, 2H), 7.87 (d, J = 8.0 Hz, 1H), 7.70 – 7.59 (m, 2H), 7.48 –
7.34 (m, 4H), 7.34 – 7.13 (m, 14H), 7.10 – 6.95 (m, J = 6.6, 3.0 Hz, 2H), 6.87
(d, J = 1.7 Hz, 1H), 3.33 (s, 3H). HRMS (FAB, positive) calcd for C40H30N3O
[M+H]+, 568.2389; found, 568.2386. Anal. Calcd for C40H29N3O: C, 84.63; H,
5.15; N, 7.40. O, 2.82. Found: C, 84.55; H, 5.08; N, 7.40; O, 2.92.

IV-2.2 Measurements
Steady-state Spectroscopic Measurements. UV-vis. absorption spectra were
collected on a Shimadzu UV-1650PC spectrophotometer at room temperature.
Fluorescence spectra were obtained by using QM-40 spectrophotometer
(Photon Technology International, Canada). The photoluminescence quantum
efficiencies (Φr, PL) in solution were obtained using Quinine sulfate in 1.0 N
sulfuric acid as a reference. On the other hand, the Φab, PL in thin films on a
quartz plate were measured using a 3.2-inch integrating sphere equipped in
QM-40 spectrophotometer (Photon Technology International, Canada).
Time-resolved Fluorescence Lifetime Measurements. Time-resolved
fluorescence lifetime experiments were performed through the time-correlated
single photon counting (TCSPC) methods by using a FluoTime 200
instrument (Picoquant, Germany). A 342 nm pulsed LED with repetition rate
of 10 MHz were used as the excitation source. Fluorescence decay times were
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analyzed by FluoFit Pro software, using exponential fitting models through
deconvolution employing instrumental response functions (IRF).
Temperature-dependent

Spectroscopic

Measurements.

For

the

temperature-dependent steady-state and time-resolved emission studies, a
temperature-controlled liquid nitrogen cryostat (Oxford Instruments: Optistat
DN) was used. Temperatures were maintained to within ±0.05 K and allowed
to equilibrate for 30 minutes before spectroscopic measurements. The results
were controlled by comparison with measurements in a regular cuvette at
room temperature. Temperature dependent steady-state absorption spectra
were obtained with an UV-VIS-NIR spectrometer (Varian, Cary5000) and
steady-state fluorescence spectra were measured on a Scinco model FS-2
fluorescence spectrophotometer. For the observation of phosphorescence and
delayed fluorescence, Scinco model FS-2 fluorescence spectrophotometer
were used.
Transient Absorption Measurements. The femtosecond time-resolved
transient absorption (fs-TA) spectrometer consisted of Optical Parametric
Amplifiers (Palitra, Quantronix) pumped by a Ti:sapphire regenerative
amplifier system (Integra-C, Quantronix) operating at 1 kHz repetition rate
and an optical detection system. The generated OPA pulses had a pulse width
of ~ 100 fs and an average power of 100 mW in the range 280-2700 nm which
were used as pump pulses. White light continuum (WLC) probe pulses were
generated using a sapphire window (3 mm of thickness) by focusing of small
portion of the fundamental 800 nm pulses which was picked off by a quartz
plate before entering to the OPA. The time delay between pump and probe
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beams was carefully controlled by making the pump beam travel along a
variable optical delay (ILS250, Newport). Intensities of the spectrally
dispersed WLC probe pulses are monitored by a High Speed spectrometer
(Ultrafast Systems). To obtain the time-resolved transient absorption
difference signal (DA) at a specific time, the pump pulses were chopped at
500 Hz and absorption spectra intensities were saved alternately with or
without pump pulse. Typically, 4000 pulses excite samples to obtain the fs-TA
spectra at a particular delay time. The polarization angle between pump and
probe beam was set at the magic angle (54.7°) using a Glan-laser polarizer
with a half-wave retarder in order to prevent polarization-dependent signals.
Cross-correlation fwhm in pump-probe experiments was less than 200 fs and
chirp of WLC probe pulses was measured to be 800 fs in the 400-800 nm
region. To minimize chirp, all reflection optics in the probe beam path and the
2 mm path length of quartz cell were used. After the fluorescence and fs-TA
experiments, we carefully checked absorption spectra of all compounds to
detect if there were artifacts due to degradation and photo-oxidation of
samples. HPLC grade solvents were used in all steady-state and time-resolved
spectroscopic studies. The three-dimensional data sets of ΔA versus time and
wavelength were subjected to singular value decomposition and global fitting
to obtain the kinetic time constants and their associated spectra using Surface
Xplorer software (Ultrafast Systems). The nanosecond transient absorption
spectra were obtained by nanosecond flash photolysis techniques. Specifically,
a tunable excitation pulse was generated from an Optical Parametric
Oscillator system (Continuum, Surelite OPO), which was pumped by 355 nm
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from the third-harmonic output of a Q-switched Nd:YAG laser (Continuum,
Surelite II-10). The time duration of the excitation pulse was ca. 6 ns, and the
pulse energy was ca. 2 mJ/pulse. A CW Xe lamp (150 W) was used as a probe
light source for transient absorption measurement. The probe light was
collimated on the sample cell and then spectrally resolved by using a 15 cm
monochromator (Acton Research, SP150) equipped with a 600 grooves/mm
grating after passing the sample. The spectral resolution was about 3 nm for
the transient absorption experiment. The light signal was detected by using an
avalanche photodiode (APD). The output signal from the APD was recorded
with a 500 MHz digital storage oscilloscope (Lecroy, WaveRunner 6050A) for
the temporal profile measurement. Since the triplet-state dynamics of
molecules in solution is strongly dependent on the concentration of oxygen
molecules dissolved in solution, we tried to remove oxygen rigorously by
degassing with Ar gas for 15 min.

IV-2.3 Calculations
All density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were carried out in the gas phase using the Gaussian 09 quantumchemical package.17 The geometry optimizations for the ground state and
excited-states were performed using B3LYP functionals with 6-31G(d,p) basis
set.18 Vibration frequency calculations at the same level were performed for
the obtained structures to confirm the global minimum. TD-DFT was shown
to reproduce ESIPT process until the biradical character began to dominate,
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which led to fast internal conversion via a conical intersection governed by
torsional relaxation within the hydroxyphenyl imidazole unit. Thus, excitedstate optimizations and vertical emission was calculated using coplanar
geometry of the K* form of the hydroxyphenyl imidazole backbone.5a

IV.3 Results and Discussion
IV-3.1 Synthesis
A small ∆EST between the S1 and T1 excited states is essential to realize
efficient TADF,14 because the smaller the ∆EST value, the easier it is to achieve
RISC according to Boltzmann statistics. To minimize ∆EST, overlap integral
between the wavefunctions of HOMO and LUMO should be small enough to
minimize electron-electron repulsion between the electron orbitals in the
triplet state. One useful strategy to minimize the overlap is to localize the
electron densities of the HOMO and LUMO separately.16 Generally, steric
separation achieved by introducing bulky substituents or twisted structures
between the acceptor and donor units localize the electron densities of HOMO
on donor and LUMO on acceptor moieties, respectively. Based on this idea,
we introduced electron donating moiety into 2-phenyl ring and electron
accepting (withdrawing) moiety into 1-phenyl ring of the imidazole core of
HPI, respectively (see Scheme IV-2). Since the donor and acceptor units are
orthogonally connected via the imidazole core, it is expected that more
effective separation of HOMO and LUMO in a single molecule can be
achieved.
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In viewpoint of the molecular structure, all imidazole molecules in
this study were designed on the frame of a highly fluorescent HPI core into
which an electron donating moiety (i.e. carbazole) and various electron
withdrawing moieties (i.e. F, CF3, and CN) were substituted (see Scheme IV2). HPI-type imidazole derivatives could easily be synthesized by lophine
synthesis method using benzaldehydes, anilines, and 1,2-diketones.19 Thus,
synthesis of carbazole-substituted imidazole ESIPT molecules should start
with preparing corresponding benzaldehyde moieties. 4-(9H-carbazol-9-yl)-2hydroxybenzaldehyde (5) was prepared in three steps with an overall yield of
38 %, as shown in Scheme IV-3. Ullmann reaction between 9H-carbazole and
3-iodoanisole yielded methoxy-substituted phenylcarbazole unit (3), followed
by deprotection reaction of the methoxy group into a hydroxyl group using
boron tribromide. The hydroxyl-substituted phenylcarbazole unit (4) was
formylated with paraformaldehyde, magnesium chloride, and triethylamine
using regioselective ortho-specific formylation reaction method,20 yielding 5.
For synthesis of the control compound Cbz-MePI, 4-(9H-carbazol-9-yl)-2methoxybenzaldehyde (6) was synthesized by protection reaction of the
hydroxyl group of 5 using dimethyl sulfate and sodium hydroxide. Finally,
five imidazole molecules were synthesized in good yield by the reaction with
the corresponding aniline and benzaldehyde, respectively (see Experimental
Section IV-2.1 and Scheme IV-3).
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Scheme IV-2. (a) Frontier molecular orbital diagrams of K form of HPI. (b)
Molecular design strategies used in this study to make ∆EST value of azolebased ESIPT molecules smaller. (c) Chemical structures of imidazole-based
ESIPT molecules investigated in this study.
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Scheme IV-3. Synthesis routes of the imidazole-based ESIPT molecules. Cbz
in the table at bottom of the scheme means a carbazole moiety.
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IV-3.2 Steady-state Photophysical Properties
UV-visible absorption and normalized photoluminescence spectra of the
synthesized imidazoles in 2-MeTHF solution and 5 wt % dye-doped PMMA
films are presented in Figure IV-1. The detailed photophysical properties
including fluorescence quantum yields, lifetimes, and radiative (kr) and nonradiative decay rates (knr) are also summarized in Table IV-1. All imidazole
molecules exhibited strong π-π* absorption in UV-light region (see Figure IV1a, c). The substitution of carbazole moiety extended conjugation length and
thus Cbz-HPI molecules showed longer wavelength absorption than the other
molecules. However, Cbz-MePI showed significantly shorter wavelength
absorption than Cbz-HPI, which is attributable to that loss of intramolecular
hydrogen bonding by methoxy substitution induced twisted structure between
phenyl carbazole unit and imidazole core. It should be also noted that a weak
charge transfer (CT) absorption band was observed at around 350 nm in 2MeTHF solution as well as PMMA films containing HPI-pCN. It is
rationalized that introduction of strong electron accepting CN group cause
ICT character.
On the other hand, photoluminescence spectra showed that emission
characteristics of the imidazoles significantly varied with the molecular
structure (see Figure IV-1b, d). Cbz-HPI showed intense blue-colored
emission (λmax = 466 nm, ΦPL = 0.32) in 2-MeTHF solution. The emission
spectra of imidazole molecules gradually shifted to a longer wavelength as
electron accepting strength of the substituents increased. In addition,
fluorescence quantum efficiencies (ΦPL) of 2-MeTHF solutions containing
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imidazole molecules also gradually decreased together with red-shift of
emission. HPI-pCN possessing the strongest electron acceptor in the series
showed weak green emission with a large Stokes shift (λmax = 538 nm, ΦPL =
0.019, Stokes shift = 13259 cm-1) in 2-MeTHF solution, which is 72 nm of
red-shifted compared to the emission of Cbz-HPI. It must be noted that CbzMePI showed deep-blue emission (λmax = 383 nm) with a normal Stokes shift
(8020 cm-1) due to lack of ESIPT process. Time-resolved fluorescence
lifetime study revealed that the imidazoles containing an acceptor moiety have
faster non-radiative decay rate (knr) than the donor-containing imidazoles (see
Table IV-1).
Interestingly, all imidazole molecules showed enhanced fluorescence
quantum efficiencies (ΦPL) in the solid state as well as hysochromically
shifted emission compared to those of their solution state.19 Thanks to the blue
shift in solid state, all imidazole ESIPT molecules showed blue to sky-blue
emission color (λmax = 455 ~ 489 nm) in the solid state. Moreover, it is
noteworthy that all imidazole molecules exhibited similar fluorescence
quantum efficiencies (ΦPL = 0.33 ~ 0.38) in the solid state.
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Figure IV-1. (a) Absorption and (b) normalized photoluminescence spectra of
imidazole-based ESIPT molecules in 10 µM 2-MeTHF solution. (c)
Absorption and (d) normalized photoluminescence spectra of imidazole-based
ESIPT molecules in PMMA doped films.
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Table IV-1. Photophysical properties of azole-based ESIPT molecules in solution and 5 wt % dye-doped PMMA films at
room temperature and singlet (ES) and triplet energies (ET) in 2-MeTHF solution at 77K.
Abs.
λmaxa)
(nm)

Cbz-HPI

HPI-pF

HPI-pCF3

HPI-pCN

342
(342)
318
(318)
319
(320)
314
(312)

Abs. coeff.a)
(cm-1M-1)

3.87 x 104

1.97 x 104

1.71 x 104

1.57 x 104

Fluorescence

Emi.
λmax

a)

Φfl

Lifetime

b)

(nm)

τavg (ns)

466

0.32

(455)

(0.36)

487

0.057

(465)

(0.38)

508

0.013

(477)

(0.33)

538

0.019

(489)

(0.33)
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kr

knr

ESc)

ETc)

(×108 s-1)

(×108 s-1)

(eV)

(eV)

2.59

1.24

2.62

3.04

2.76

0.99

0.572

9.53

3.02

2.73

0.31

0.426

31.8

2.98

2.75

0.77

0.241

12.7

2.86

2.76

Table IV-1. (Continued)
Abs.
λmaxa)
(nm)

Cbz-MePI

293
(293)

Abs. coeff.a)
(cm-1M-1)

Fluorescence

Emi.
λmax

a)

Φfl

b)

(nm)
4

3.85 x 10

Lifetime
τ (ns)

383

0.40

(366)

(0.32)

1.64

kr

knr

ESc)

(×108 s-1) (×108 s-1) (eV)

2.45

3.65

3.66

ETc)
(eV)

2.75

Absorption and fluorescence emission of the azole ESIPT molecules are monitored in chloroform solution at room

a)

temperature. The values in parentheses are measured from 5 wt % dye-doped PMMA films.

Relative fluorescence

b)

quantum efficiencies (Φfl) of the 2-MeTHF solution are calculated using Quinine sulfate as a reference. Absolute
fluorescence quantum efficiencies (Φfl) of the films are measured using 3.2-inch integrating sphere. c)ES and ET were
estimated from onset wavelengths of emission spectra of 2-mTHF solution containing the azole ESIPT molecules at 77K.
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IV-3.3 Intramolecular Charge Transfer (ICT) Character
To investigate the ICT character of the imidazole molecules, absorption and
fluorescence spectra of the imidazoles were monitored in various solvents
possessing different polarity. Intriguing solvent dependencies were observed
from the emission spectra of imidazole molecules, while their UV-visible
absorption spectra showed almost negligible shift in various solvents.
The imidazole ESIPT molecules possessing weak electron
withdrawing moieties, Cbz-HPI, HPI-pF, and HPI-pCF3, exhibited slight
hysochromic shift in emission with increasing solvent polarity. This negative
solvatochromism is further confirmed by positive slopes (2060, 2182, 1925
cm-1 for Cbz-HPI, HPI-pF, and HPI-pCF3, respectively) in Lippert-Mataga
plot shown in Figure IV-2a.
In sharp contrast, strong positive solvatochromism (slope = –6936
cm-1) was observed from HPI-pCN (see Figure IV-2a). In the non-polar
solvent, such as cyclohexane (∆f = –0.0013), HPI-pCN showed green
emission with a maximum peak at 522 nm (see Figure IV-2b). With
increasing solvent polarity, the emission spectra gradually shifted to a longer
wavelength. It should be noted that the emission maximum peak of HPIpCN appeared at 578 nm in acetonitrile, a strong polar solvent, which is 56
nm shifted compared to that in cyclohexane. On the other hand, in methanol,
a protic polar solvent, strong blue-shifted emission (λmax = 450 nm) was
observed which originated from E form of HPI-pCN due to inhibition of
ESIPT.
Unlike the ESIPT molecules, the absorption and emission spectra of
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Cbz-MePI, the non-ESIPT molecule, were barely affected by the solvent
polarity. It is, therefore, reasonable to infer that K form of HPI-pCN in the
excited-state possesses a significantly increased dipole moment than that in
the ground state and a stronger charge transfer character than the other
imidazoles, which is well consistent with the result above (see section IV3.2).
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Figure IV-2. (a) Lippert-Mataga plot for emission maxima of Cbz-MePI (■),
Cbz-HPI (), HPI-pF (▲), HPI-pCF3 (▼), and HPI-pCN (♦). Solvent
polarity parameter (∆f) is defined by ∆f = (ε – 1) / (2ε + 1) – (n2 – 1) / (2n2 +
1), where ε and n are dielectric constant and refractive index of solvents,
respectively. ∆f values: cyclohexane, -0.0013; CHCl3, 0.148; EtOAc, 0.1994;
THF, 0.2109; CH2Cl2, 0.2169; DMF, 0.2744; CH3CN, 0.3055; MeOH, 0.3087.
(b) Normalized emission spectra of HPI-pCN in various solvents.
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IV-3.4 Temperature Dependent Photoluminescence Study
The fluorescence spectra of imidazoles were recorded in 2-MeTHF over a
wide range of temperatures (see Figure IV-3). It is clearly observed that the
fluorescence emission of all imidazoles were gradually red-shifted with
increasing temperature. It is worth noting that the fluorescence intensity of
imidazoles containing electron withdrawing moieties dramatically decreased
on increasing temperature from 77 K to room temperature due to their ICT
character.21 On the contrary, no significant temperature dependency was
observed from the fluorescence intensities in Cbz-HPI and Cbz-MePI
solutions as shown in Figure IV-3a and e.
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Figure IV-3. Fluorescence emission spectra of (a) Cbz-HPI, (b) HPI-pF, (c)
HPI-pCF3, (d) HPI-pCN, and (e) Cbz-MePI in the temperature range of 77–
297 K. The inset figures in (c), (d), and (e) show normalized fluorescence
spectra of HPI-pCF3, HPI-pCN, and Cbz-MePI at 77 K and 297 K,
respectively.
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Figure IV-4, and IV-5 shows 0.1-ms-delayed luminescence spectra
of the imidazoles in 2-MeTHF at several low temperatures. At 77 K, delayed
spectra were clearly observed from the imidazoles 0.1 ms after
photoexcitation (see Figure IV-4a, d, g and j and Figure IV-5a), which can be
ascribed to phosphorescence of the imidazole molecules.13 The singlet (ES)
and triplet (ET) energies of imidazole molecules were determined from the
high-energy onset positions of the fluorescence and phosphorescence spectra
at 77 K (see Table IV-1).22 Although an electron donating group was
substituted, Cbz-HPI showed similar energy difference between singlet and
triplet excited-states (0.28 eV) compared to that of non-substituted HPI (ES
and ET of HPI were 3.01 and 2.72 eV, respectively), which is attributed to
the substitution position of carbazole unit in the 2-phenyl ring of imidazole.
Because the electron density of HOMO at meta-position to the hydroxyl
group of 2-phenyl ring of imidazole is absent (see Scheme IV-2a),
substitution effect of the carbazole unit should be rather limited, which are in
good aggrement with a weak ICT character of Cbz-HPI (see section IV-3.3
and temperature dependent fluorescence study). On the other hand, it is
found that the energy difference gradually decreased from 0.29 eV (for HPIpF) to 0.10 eV (for HPI-pCN) as substituted electron acceptor strength
increased.
At 127 K, in addition to the phosphorescence band, it is observed
that new delayed photoluminescence band arose at the exactly same spectral
position as corresponding prompt fluorescence 0.1 ms after the
photoexcitation in Cbz-HPI and HPI-pF solution, which can be
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unambiguously ascribed to delayed fluorescence (see Figure IV-4b and e). At
167 K, while the phosphorescence band was completely disappeared, only
the delayed fluorescence band was observed 0.1 ms after the photoexcitation
in Cbz-HPI and HPI-pF solution as shown in Figure IV-4c and f. It should be
noted that the temperature dependency of the two delayed luminescence
bands (phosphorescence and delayed fluorescence) evidently indicate the
delayed fluorescence coming from the thermal activation of RISC.
Similarly, delayed fluorescence was also observed in HPI-pCF3 and
HPI-pCN solution at 127 K (see Figure IV-4h and k). However, at 167 K, the
delayed fluorescence band was completely disappeared (see Figure IV-4i and
l). Considering their small energy difference between S1 and T1 (0.23 eV for
HPI-pCF3 and 0.10 eV for HPI-pCN, respectively), it is attributable to their
very weak fluorescence quantum efficiencies in solution state at high
temperatures (see Figure IV-3).
In sharp contrast, no delayed fluorescence was observed in CbzMePI solution (see Figure IV-5b). This is because its large energy difference
between singlet and triplet states (0.91 eV) made RISC inefficient.
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Figure IV-4. Normalized photoluminescence spectra of (a, b, c) Cbz-HPI, (d, e,
f) HPI-pF (g, h, i) HPI-pCF3, and (j, k, l) HPI-pCN solution in 2-MeTHF at
different temperatures: (a), (d), (g), and (j) at 77 K (left column); (b), (e), (h),
and (k) at 127 K (middle column); (c), (f), (i), and (l) at 167 K (right column).
Lines with filled square symbols indicate prompt fluorescence and lines with
empty circle symbols indicate delayed photoluminescence with 0.1 ms of
delayed time.
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IV-3.5 Delayed Fluorescence at Room Temperature
We have analyzed the transient photoluminescence characteristics of degassed
2-MeTHF solutions containing the imidazole molecules at room temperature.
Figure IV-6 shows the time-resolved luminescence spectra of the solutions
obtained in the time domain of microseconds to milliseconds at room
temperature. As shown in Figure IV-6a and b, Cbz-HPI and HPI-pF clearly
exhibited delayed fluorescence even 1 ms after photoexcitation. However,
delayed fluorescence of HPI-pCF3 and HPI-pCN were very weak in degassed
solution, which is attributable to their low fluorescence efficiencies (see
Figure IV-6c and d).
However, efficient delayed fluorescence was observed 100 µs after
photoexcitation in PMMA films containing 5 wt % of HPI-pCN as well as
Cbz-HPI (see Figure IV-6e and f), which is attributed to their enhanced
fluorescence efficiencies (ΦFL > 0.3) in the solid state (see Table IV-1 and
section IV-3.2).
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Figure IV-6. Prompt and delayed fluorescence spectra of (a) Cbz-HPI, (b)
HPI-pF, (c) HPI-pCF3, and (d) HPI-pCN after different time delays at room
temperature in Ar-bubbled 2-MTHF solution. Prompt and delayed
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PMMA films at room temperature. The time delay was 100 µs.
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IV-3.6 Transient Absorption Spectroscopy
On the other hand, it is worth noting that normalized phosphorescence spectra
of the imidazoles at 77 K are practically identical (see Figure IV-5c). Because
the proton transfer cannot occur in Cbz-MePI molecules, it is inferred that the
recorded phosphorescence of the other imidazoles originated from the excited
triplet state of E form tautomer (3E*). Considering ultrafast proton transfer
rate of typical ESIPT process (kesipt > 1013 s-1)1 and rather large ∆EST value of
E form (∆EST of Cbz-MePI = 0.91 eV), it can be postulated that 3E* of the
imidazole ESIPT molecules should be populated by backward proton transfer
from a higher lying excited triplet state K form tautomer (3K*) to a lower
lying 3E*, not by direct ISC from excited singlet state E form tautomer
(1E*).10
To get further insignt into the excited states dynamics, we conducted
transient absorption studies of the imidazole molecules. Although the excited
state dynamics of numerous ESIPT molecules have been studied using
transient absorption spectroscopy,6,23 studies on imidazole derivatives are still
very rare. Recently, Gryko group has been studied a series of imidazole
ESIPT molecules using nanosecond flash photolysis.15 But, the proton transfer
dynamics of the imidazole derivatives still remain elusive. This prompted us
to elucidate the excited state dynamics of imidazole molecules by taking
advantage of ultrafast spectroscopy technique.
Figure IV-7 depicts the transient absorption spectra of imidazole
ESIPT molecules in 2-MeTHF acquired at pump-probe delay times ranging
from 1 to 20 ps. After the photoexcitation, within the time range of the
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instrumental function, a transient absorption band appeared at around 450-500
nm in Cbz-HPI solution, but gradually shifted to a longer wavelength until 5ps time delay (see Figure IV-7a). Simultaneously, a stimulated emission (SE)
band arose at 497 nm and reached a stable intensity after 10 ps. It is observed
that imidazole ESIPT molecules possessing electron acceptors (HPI-pF, HPIpCF3, and HPI-pCN) also exhibited transient spectral behaviors similar to
Cbz-HPI (see Figure IV-7b-d). In addition, all of the imidazole ESIPT
molecules have two transient absorption band in common after 20-ps time
delay: an absorption band at around 450 nm, which shifts to a longer
wavelength with increasing their acceptor strength, and a broad absorption
band above 650 nm. It is also noteworthy that the SE bands of imidazole
derivatives containing electron acceptors instantaneously emerged within a
few ps (499 nm for HPI-pF, 501 nm for HPI-pCF3, and 520 nm for HPI-pCN),
followed by a gradual red-shift due to the occurrence of solvent relaxation
until a score of ps (shifted to 503 nm for HPI-pF, 520 nm for HPI-pCF3, and
560 nm for HPI-pCN). The SE bands experienced the solvent relaxation well
match the steady-state proton transferred emission of the imidazoles in 2MeTHF (see Figure IV-1 and Table IV-1 in section IV-3.2).
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Figure IV-7. The femtosecond transient absorption spectra of (a) Cbz-HPI, (b)
HPI-pF, (c) HPI-pCF3, and (d) HPI-pCN in 2-MeTHF solution at pump-probe
delay times of 0–20 ps. The excitation wavelength was 340 nm.
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As the time elapsed, the SE bands of imidazoles gradually decayed
together with the transient absorption bands at around 450 and 650 nm;
consequently left behind a long-lived transient absorption signal at around 510
nm (see Figure IV-8a, c, e, and g). The kinetic data of imidazoles at several
characteristic wavelengths are plotted in the right column of Figure IV-8. The
transient absorption and SE bands are well fitted by single exponential decay
of 2600, 1030, 270, and 750 ps for Cbz-HPI, HPI-pF, HPI-pCF3, and HPIpCN, respectively, correlates well with the corresponding fluorescence
lifetimes (see Table IV-1). The results clearly indicate that the transient
absorption band at around 450 nm and above 650 nm is attributed to the S1 to
Sn transition of the K tautomers. Accordingly, it can be postulated that the
proton transfer from E to K tautomer of the imidazoles naturally occur in the
excited-state within a picosecond followed by the intramolecular charge
transfer.
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Figure IV-8. The femtosecond transient absorption spectra and corresponding
kinetic curves for selected wavelengths of (a,b) Cbz-HPI, (c,d) HPI-pF, (e,f)
HPI-pCF3, and (g,h) HPI-pCN in 2-MeTHF solution at pump-probe delay
times of 20–5000 ps. The excitation wavelength was 340 nm.
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As a control experiment, the transient absorption spectra of nonproton transfer analogue, Cbz-MePI, in 2-MeTHF has also been investigated.
As shown in Figure IV-9, Cbz-MePI showed two transient absorption band at
around 487 nm and 565 nm, the spectral feature of which is completely
different from those of the imidazole ESIPT molecules. The transient
absorption bands relaxed by a single exponential decay with the time constant
1570 ps, well matches the fluorescence lifetime (see Figure IV-9c and Table I1).
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Figure IV-9. The femtosecond transient absorption spectra of Cbz-MePI in 2MeTHF solution at pump-probe delay times of (a) 1–20 ps and (b) 20–5000
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wavelength was 340 nm.
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Interestingly, in 2-MeTHF solution containing imidazole ESIPT
molecules, it is identically observed that the long-lived absorption bands at
around 500 nm remained even after 1K* absorption and SE bands virtually
decayed (see Figure IV-10). Because the non-proton transfer molecule, CbzMePI, showed similar transient absorption spectrum at 5 ns time delay, it is
reasonable to infer that the band at 500 nm is attributable to the triplet-triplet
absorption of 3E* species. The previous studies have also assigned the band at
500 nm to be 3E* absorption of imidazole derivatives.15
To further resolve the triplet excited state dynamics, we performed
nanosecond laser flash photolysis experiments with N2-saturated 2-MeTHF
solutions. Due to the limitation of excitation laser source (355 nm),
nanosecond transient absorption studies could only be conducted in Cbz-HPI,
HPI-pCN, and Cbz-MePI solutions. Acquired transient absorption spectra in
this experiment were highly sensitive to oxygen and undetectable in airequilibrated solutions. All transients exhibited an exponential decay of the
order of tens of microseconds in air-free solutions. While Cbz-HPI showed a
broad transient absorption signal over the whole visible light region with a
lifetime of 22 µs, it is worth noting that HPI-pCN showed a transient
absorption band at 430 ~ 500 nm (lifetime τT = 17 µs), the spectral shape of
which is almost identical to that of Cbz-MePI (τT = 75 µs). Thus, it positively
indicates that the population of 3E* were generated in the HPI-pCN molecules.
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Figure IV-10. (a) The femtosecond transient absorption spectra of the
imidazole derivatives in 2-MeTHF solution at pump-probe delay times of 5 ns.
(b) The nanosecond transient absorption spectra of the selected imidazole
derivatives in 2-MeTHF solution at delay times of 10 µs.
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IV-3.7 DFT/TD-DFT Calculation
Often the theoretical calculations serve as an essential feedback to
explain the experimental observations. As expected, the ground state (S0) of
Cbz-HPI and HPI-pCN were stabilized in the closed E form (E0) by the strong
intramolecular hydrogen bond between the hydrogen of the hydroxyl group
and the nitrogen of the imidazole group (see Figure IV-11). The S0 of the K
form (K0) of the both imidazoles were unstable and went back to the E0 in the
DFT calculations. Table IV-2 and IV-3 present TD-DFT vertical excitation
energies, oscillator strengths, and molecular orbital contributions of various
electronic states. Figure IV-11 depicts calculated geometry and natural
transition orbitals (NTO)24 of each forms of Cbz-HPI and HPI-pCN. The
results suggest that the vertical absorption from E0 to the lowest singlet
excited-state (S1) of E form (1E*) of Cbz-HPI is mainly constructed by π-π*
transition with 356 nm (oscillator strength f = 0.4905), whereas CT transition
is responsible for the vertical absorption from E0 to 1E* of HPI-pCN with 419
nm (f = 0.0207).
The excited-state relaxation of 1E* of Cbz-HPI and HPI-pCN did not
alter the character of the excited-states. The relaxed geometries of 1E* of the
two molecules, however, were not a global minimum in the excited-state; the
keto excited-states (1K*) generated by the intramolecular proton transfer were
calculated to be lower in energy than 1E* by 0.20 and 0.22 eV for Cbz-HPI
and HPI-pCN, respectively (see Table IV-3 and IV-4). It should be noted that
the calculated TD-DFT vertical emission energies of 1K* of both molecules
are significantly lower than that of 1E* and the transitions are constructed by
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CT character.
Our calculations also indicated that the ∆EST (energy difference
between S1 and T1) of K form is significantly lower than that of E form. The
calculated ∆EST of E form of Cbz-HPI is 0.92 eV, whereas that of K form is
0.47 eV (see Table IV-2). It is noteworthy that 3K* state of HPI-pCN was
found to be located at only 0.008 eV lower in energy than 1K* as shown in
Table IV-3. This negligible ∆EST value of K form of HPI-pCN is attributed to
spatial separation of transition orbitals caused by the substitution of strong
electron acceptor –CN. As seen in Figure IV-11, the 1K* and 3K* form of
Cbz-HPI have great orbital overlap between hole and electron. In sharp
contrast, the electron wavefunction (i.e. the LUMO orbital in the transitions)
of 1K* and 3K* of HPI-pCN are localized on p-cyanophenyl ring, evidently
providing spatial separation of transition orbitals.
On the other hand, both hole and electron wavefunction of S1 and T1
of Cbz-MePI, the non-proton transfer control compound, are delocalized over
the whole molecule, resulting in a very large calculated ∆EST value of 0.96 eV
(see Table IV-4 and Figure IV-11).
Interestingly, the 3K* of Cbz-HPI was, however, not the most stable
form in the triplet excited-state. It was found that the 3E* of Cbz-HPI is 0.24
eV below the 3K* (see Table IV-2), clearly indicating that backward proton
transfer occurs in the triplet excited-state. In contrast, the 3E* of HPI-pCN
was located at 0.025 eV higher than the 3K*; however, considering that the
thermal energy at room temperature is 0.0256 eV, 3E* and 3K* of HPI-pCN
are thought to be almost iso-energetic.
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Table IV-2. Summary of DFT/TD-DFT calculation results for Cbz-HPI.
Name
Cbz-HPI

a

Statea

Vertical Transition

Energy
(eV)

b

Character

Energy (nm)

Participant MOsd

0

π-π* absorption

355.97 (0.4905)c

H → L (0.68923)e

1E*

3.2327

π-π* emission

414.75 (0.5696)

H → L (0.69871)

3E*

2.3126

π-π* emission

756.57

K0

0.4614

CT absorption

407.96 (0.0846)

H → L (0.69846)

1K*

3.0309

CT emission

602.25 (0.0203)

H → L (0.70597)

3K*

2.5565

π-π* emission

809.77

E0

H-1 → L (0.19448)
H → L (0.56566)

H-3 → L (-0.31162)
H → L (-0.62683)

E0 (the ground state of enol tautomer), 1E* (the first singlet excited-state of enol tautomer),

3E*

(the first triplet excited-state of enol tautomer), K0 (the ground state of keto tautomer), 1K*

(the first singlet excited-state of keto tautomer), 3K* (the first triplet excited-state of keto
tautomer). b The relative optimized energy of the state compared to E0. cOscillator strength. d H
(HOMO), L (LUMO). dExpansion coefficient.
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Table IV-3. Summary of DFT/TD-DFT calculation results for HPI-pCN, and
Cbz-MePI.
Name
HPI-pCN

Cbz-MePI

Statea

Vertical Transition

Energy
(eV) b

Character

Energy (nm)

Participant MOsd

0

CT absorption

418.64 (0.0207) c

H → L (0.70436) e

1E*

2.4998

CT emission

588.00 (0.0003)

H → L (0.70563)

3E*

2.2952

π-π* emission

670.13

K0

0.5138

CT absorption

567.44 (0.0198)

H → L (0.70546)

1K*

2.2780

CT emission

907.62 (0.0002)

H → L (0.70649)

3K*

2.2700

CT emission

894.58

H → L (0.70364)

S0

0

π-π* absorption

322.15 (0.3887)

S1

3.3772

π-π* emission

412.75 (0.5783)

E0

H → L (0.61957)
H → L+1 (0.30105)

H → L (0.66428)
H → L+2 (0.18118)
H → L (-0.69848)
H-1 → L (0.10167)

T1

2.4185

π-π* emission

660.60

H → L (-0.67393)
H → L+1 (0.10836)

a

E0 (the ground state of enol tautomer), 1E* (the first singlet excited-state of enol tautomer),

3E*

(the first triplet excited-state of enol tautomer), K0 (the ground state of keto tautomer), 1K*

(the first singlet excited-state of keto tautomer), 3K* (the first triplet excited-state of keto
tautomer). b The relative optimized energy of the state compared to E0. cOscillator strength. d H
(HOMO), L (LUMO). dExpansion coefficient.
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S0
Hole

S1
Electron

Hole

T1
Electron

Hole

Electron

E
Cbz-HPI
K

E
HPI-pCN
K

Cbz-MePI

Figure IV-11. Natural transition orbital diagrams (NTO) of Cbz-HPI, HPIpCN and Cbz-MePI.
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IV-3.8 Proposed Photophysical Process
Taking the above results into account, the following scenario is proposed for
the photophysics of the imidazole ESIPT molecules (see Scheme IV-4). The
imidazole molecules, Cbz-HPI, HPI-pF, HPI-pCF3, and HPI-pCN, exist as E
form in the ground state. Upon photoexcitation, 1K* is produced through the
ESIPT process from 1E* within a few ps. Subsequently, the produced 1K*
experience solvent relaxation within a score of ps and then decay to the
ground state K with the largely Stokes shifted fluorescence in a few ns. 1K*
also undergoes ISC to produce 3K*. Most interestingly, 3K* species can
proceed backward ESIPT reaction to give the

E*, followed by the

3

phosphorescence at low temperatures. Otherwise, 3K* undergoes RISC to
give 1K* due to extremely small ∆EST value of K form, followed by the
delayed fluorescence. Finally, the ground state K immediately returns to the
original E form.
1E*

E

Delayed Fluorescence

Keto Phosphorescence

3E*

Keto Fluorescence
(~ 1-2 ns)

3K*

Enol Phosphorescence

Enol Fluorescence

Absorption

1K*

Solvent
Relaxation
( ~ 20 ps)

K

Scheme IV-4. Schematic proposed photophysical process of the imidazole
ESIPT molecules.

145

IV.4 Conclusions
A series of novel ESIPT molecules into which electron donating and
accepting moieties are systematically substituted was designed and
synthesized. The singlet-triplet energy gap (∆EST) of the molecules decreased
as electron accepting strength of the substituents increased due to well
established ICT character. All ESIPT molecules showed efficient TADF
emission from proton-transferred excited keto form of each molecule upon
photoexcitation. In comparison with the non-proton transfer compound CbzMePI, all ESIPT molecules exhibited practically identical phosphorescence at
77 K, indicating that the backward proton transfer occurs in the triplet excited
state. Time-resolved absorption and fluorescence spectra revealed the
occurrence of ultrafast ESIPT from 1E* to 1K* in the singlet excited state and
reverse process from 3K* to 3E* in the triplet excited state, which is strongly
supported by DFT/TD-DFT calculations. The work described herein reports
the unique delayed fluorescence of the imidazole-based ESIPT molecules and
related photophysical process. The established structure-property relationship
would give us a hint to pave the way for highly efficient OLEDs harnessing
ESIPT-triggered TADF.
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Chapter V. Fluorescent Sensor for Zinc Ions
Showing
Inteferences:

Minimized
Mechanistic

Proton-Induced
Studies

on

Fluorescence Turn-on Responses
V-1 Introduction
Zinc ion is the second most abundant transition metal ion in the human body
(2‒3 g in total), and it plays diverse roles in human physiopathology.1-5
While total zinc concentrations are high, concentrations of free zinc ions that
are loosely bound to proteins are relatively low6-8 and tightly regulated.9-14
Recent studies have associated failures in homeostasis of free zinc ions with
neurological diseases such as Alzheimer’s disease, amyotrophic lateral
sclerosis (ALS), Parkinson’s disease, ischemia, and epilepsy.15-17 In addition,
free zinc ions are also involved in regulation of programmed cell death (i.e.,
apoptosis).18-20 Thus, a sensitive and non-invasive technique to trace and
visualize free zinc ions would be highly desirable. Since zinc ion itself is
spectroscopically silent due to its 3d10 electron configuration, the
development of highly sensitive and selective fluorescent sensors for zinc
ions is therefore of critical importance.21-28
Much effort has been devoted to the development of fluorescent
zinc sensors to detect endogenous free zinc ions.28-33 A typical structure of a
fluorescent zinc sensor is a conjugate composed of a fluorophore and a zinc-
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specific

receptor

such

as

di(2-picolyl)amine

(DPA),

N,N-di(2-

picolyl)ethylenediamine (DPEN), tris(2-picolyl)amine (TPA), or N,N,N′tris(2-picolyl)ethylenediamine (TRPEN).21 In the zinc-free form, these
receptors transfer their electron to the adjacent fluorophores in the excited
state, partially quenching the fluorescence emission, whereas non-radiative
electron transfer is suppressed when zinc ion is coordinated and the emission
is consequently strong. This modulation in photoinduced electron transfer
(PeT) thus allows zinc detection by means of fluorescence turn-on. The
success of PeT-based sensors has promoted extensive variations of molecular
structures,31 which aim at improved zinc selectivity and optimized
dissociation constant (Kd).34-40 Structural changes in receptors, however,
always perturb oxidation potentials, affecting the modulation of the PeT
process. Moreover, protonation of the zinc receptors produces false positive
signals.25 Fluorescent sensors based on intramolecular charge transfer (ICT)
also suffer from pH dependence.41,42 Thus, capability of fluorescent detection
by the modulation of electron transfer is limited. To circumvent this problem,
approaches taking advantage of a variety of signaling mechanisms other than
electron transfer have been developed, such as twisted intramolecular charge
transfer (TICT),43 fluorescence resonance energy transfer (FRET),44 and
excimer formation.45 These mechanisms are, however, governed by
intramolecular torsional or intermolecular translational motions which are
indirect consequences of zinc coordination.
Excited-state

intramolecular

proton

transfer

(ESIPT)

is

characteristic of molecules that possess an intramolecular hydrogen bond
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between a proton-donor moiety (i.e., ‒OH) and a proton-acceptor moiety
(i.e., ‒N=) in a five- or a six-membered ring, with tautomerization occurring
upon photoexcitation. The photoinduced tautomerization transiently
generates a keto form (i.e., =O and ‒NH‒), which typically produces
fluorescence with a large Stokes shift (6000 ‒12000 cm-1). Reverse proton
transfer in the ground state from the keto form (K) to the enol form (E)
completes

a

four-level

cyclic

proton

transfer

reaction

(E→E*→K*→K→E).46,47 Suppression of ESIPT results in E* fluorescence
that is hypsochromically shifted compared to the K* fluorescence.48-50
Fluorescence ratiometric sensing can be therefore accomplished because
metal coordination prohibits ESIPT. This attractive sensing mechanism
indeed promoted development of a number of fluorescent zinc sensors, but
most of them were studied only in organic solutions.51-55
The ESIPT process is, however, inhibited in aqueous solution due
to strong hydrogen bonding interactions with water, and normal E*
fluorescence thus dominates. In addition, the proton undergoing ESIPT is
lost at high pH or in the presence of competing Lewis acids such as
biological metal ions. Fahrni and co-workers established the aqueous
solution properties of 2-(sulfoamidophenyl)benzimidazole derivatives and
reported convincing evidence that zinc displaces the ESIPT amido
proton.56,57 To the best of our knowledge, there is only one report on zinc
bioimaging using an ESIPT-based sensor. O’Halloran and co-workers
achieved two-photon fluorescence zinc imaging using a sensor (Zinbo-5)
based on an ESIPT chromophore, 2-(2’-hydroxyphenyl)benzoxazole.58
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However, mechanistic investigations of its fluorescent response to zinc ions
remain elusive. Despite the limited studies to date, metal sensors based on
ESIPT chromophores are attractive because the direct interaction of a metal
ion with an ESIPT center should allow for facile controls in fluorescence
properties. Moreover, well-established photophysics and a large structural
library can contribute to a significantly broadened class of bioimaging
probes. It is notable that ESIPT platforms have a striking structural analogy
to clioquinol that inhibits β-amyloid accumulation during the development
of Alzheimer’s disease.59 Therefore, study on elucidation of photophysical
processes and biological utilities of ESIPT platforms is of great importance
for biomedical studies.
In this chapter, we report a new fluorescent zinc sensor (HNBODPA) that is constructed based on an ESIPT fluorophore, 2-(2’-hydroxy-3’naphthyl)benzoxazole (HNBO). A zinc-selective di(2-picolyl)amino (DPA)
receptor60-62 is tethered to HNBO through a methylene linker. Fluorescence
turn-on response to zinc ions is rationalized through extensive mechanistic
studies,

including

quantum

chemical

calculations,

electrochemical

measurements, steady-state spectroscopy, and femtosecond and nanosecond
laser flash photolysis experiments. The studies establish a novel fluorescence
turn-on principle that is free from detrimental proton-induced background
interferences. The zinc sensing capability has been thoroughly assessed
under physiological conditions and has been shown to be excellent for
detection of biological free zinc ions. It has been demonstrated that the probe
can be used to visualize endogenous zinc ions of apoptotic cells and
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zebrafish embryos. It is expected that the complete research reported in this
paper will provide important guidance to future development of ESIPTbased probes for bioimaging applications.

V-2 Experimental Section
V-2.1 Materials and Synthesis
Materials obtained from commercial suppliers were used without further
purification unless otherwise stated. All glassware, syringes, magnetic
stirring bars, and needles were thoroughly dried in a convection oven.
Reactions were monitored using thin layer chromatography (TLC) with
commercial TLC plates (silica gel 60 F254, Merck Co.). Silica gel column
chromatography was performed with silica gel 60 (particle size 0.063 –
0.200 mm, Merck Co.). 1H and 13C NMR spectra were recorded on a Bruker
Avance 300 spectrometer. Low resolution and high resolution mass spectra
were acquired by employing a JEOL JMS-600W, a JEOL JMS-700GC, and
Applied Biosystems Tempo nano HPLC/QSTAR Elite spectrometers.
Elemental analyses were performed on a CE Instrument EA1110 instrument.
ZP1 was prepared according to the established method.63
2-(2′-Hydroxy-3′-naphthyl)-4-methylbenzoxazole

(HNBO,

3).

3-

Hydroxy-2-naphthoic acid (2.00 g, 10.6 mmol) and 2-amino-m-cresol (1.31
g, 10.6 mmol) were suspended in polyphosphoric acid (10.0 g) and heated
overnight at 160 ˚C. The reaction mixture was cooled to room temperature
and poured onto 300 mL of water. After neutralization, the mixture was
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filtered and washed with water. Silica gel column purification with ethyl
acetate:n-hexane (1:50, v/v) and subsequent recrystallization in ethyl acetate
gave 1.04 g of orange needles (35 %). 1H NMR (300 MHz, CDCl3) δ: 2.66 (s,
3H), 7.20 (d, 1H, J = 3.8 Hz), 7.28 − 7.37 (m, 2H), 7.45 − 7.51 (m, 3H), 7.72
(d, 1H, J = 4.1 Hz), 7.87 (d, 1H, J = 4.1 Hz), 8.61 (s, 1H), 11.39 (s, 1H). 13C
NMR (75 MHz, CDCl3) δ: 16.7, 108.2, 111.8, 113.0, 124.2, 125.8, 125.9,
126.7, 127.7, 128.6, 128.7, 128.9, 130.4, 136.8, 139.6, 149.3, 154.5, 162.0.
HRMS (EI, positive) calcd for C18H13NO2 (M), 275.0946; found, 275.0944.
Anal. Calcd for C18H13NO2: C, 78.53; H, 4.76; N, 5.09. Found: C, 78.51; H,
4.74; N, 5.11.
2-(2′-Methoxymethyloxy-3′-naphthyl)-4-methylbenzoxazole

(4).

Chloromethyl methyl ether (2.1 mL, 27 mmol) was added to a CH2Cl2
solution (100 mL) containing 3 (1.0 g, 3.6 mmol) and diisopropylethylamine
(4.7 mL, 27 mmol) at 0 ˚C. The mixture was refluxed overnight. Water was
poured into the solution and the product was recovered with CH2Cl2 (100
mL, three times). The extracted organic layer was dried over anhydrous
MgSO4 and evaporated to afford 0.95 g of the desired product (82 %). 1H
NMR (300 MHz, CDCl3) δ: 2.72 (s, 3H), 3.61 (s, 3H), 5.44 (s, 2H), 7.17 (d,
1H, J = 3.8 Hz), 7.27 (t, 1H, J = 7.8 Hz), 7.40 − 7.46 (m, 2H), 7.53 (t, 1H, J
= 7.9 Hz), 7.57 (s, 1H), 7.79 (d, 1H, J = 4.1 Hz), 7.90 (d, 1H, J = 3.8 Hz),
8.62 (s, 1H). 13C NMR (75 MHz, CDCl3) δ: 16.9, 56.7, 95.6, 108.1, 111.9,
119.1, 125.0, 125.1, 125.2, 127.1, 128.3, 128.8, 129.0, 131.0, 132.7, 135.7,
141.5, 150.9, 152.9, 161.3. HRMS (ESI, positive): Calcd for C20H18NO3
([M+H]+), 320.1287; found, 320.1277.
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4-Bromomethyl-2-(2′-methoxymethyloxy-3′-naphthyl)benzoxazole (5). A
CCl4 solution (100 mL) of 4 (0.94 g, 2.9 mmol), N-bromosuccinimide (0.53
g, 2.9 mmol), and azobisisobutyronitrile (0.024 g, 0.15 mmol) was refluxed
overnight under an Ar atmosphere. The reaction mixture was cooled to 0 ˚C
and resulting precipitates were removed by filtration. The filtrate was
concentrated under vacuum and reprecipitated in methanol (100 mL) to
afford 0.84 g of white powder (72 %). 1H NMR (300 MHz, CDCl3) δ: 3.63
(s, 3H), 4.99 (s, 2H), 5.45 (s, 2H), 7.36 (t, 1H, J = 7.5 Hz), 7.38 − 7.46 (m,
2H), 7.52 − 7.58 (m, 3H), 7.79 (d, 1H, J = 4.1 Hz), 7.92 (d, 1H, J = 4.0 Hz),
8.67 (s, 1H). 13C NMR (75 MHz, CDCl3) δ: 28.0, 56.8, 95.7, 111.0, 112.0,
118.6, 125.3, 125.5, 127.1, 128.5, 128.8, 129.0, 130.0, 133.0, 135.9, 141.0,
151.1, 152.9, 162.3. HRMS (ESI, positive): Calcd for C20H17BrNO3
([M+H]+), 398.0392; found, 398.0391.
4-(Di(2-picolyl)aminomethyl)-2-(2′-methoxymethyloxy-3′naphthyl)benzoxazole (6).

A THF solution (100 mL) of 5 (0.84 g,

2.1 mmol), di(2-picolyl)amine (1.2 mL, 6.4 mmol), and Na2CO3 (2.2 g, 21
mmol) was stirred overnight at room temperature. The reaction mixture was
concentrated under vacuum and poured into water. The organic compounds
were extracted with CH2Cl2 (100 mL, three times), which was dried over
anhydrous MgSO4 and concentrated. Silica gel column purification with
CH2Cl2:methanol (12:1, v/v) gave 0.79 g of yellowish oil (72 %). 1H NMR
(300 MHz, CDCl3) δ: 3.58 (s, 3H), 3.96 (s, 4H), 4.26 (s, 2H), 5.43 (s, 2H),
7.13 (t, 2H, J = 5.7 Hz), 7.34 − 7.46 (m, 2H), 7.50 − 7.59 (m, 4H), 7.66 (td,
2H, J = 7.8, 0.8 Hz), 7.74 − 7.80 (m, 3H), 7.91 (d, 1H, J = 4.1 Hz), 8.52 (d,
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2H, J = 2.2 Hz), 8.64 (s, 1H). 13C NMR (75 MHz, CDCl3) : 53.5, 56.7,
60.5, 95.6, 109.3, 111.9, 119.0, 122.1, 123.0, 124.7, 125.1, 125.2, 127.1,
128.3, 128.7, 129.0, 131.3, 132.7, 135.8, 136.6, 141.7, 149.2, 151.0, 153.0,
160.3, 161.6. HRMS (ESI, positive): Calcd for C32H29N4O3 ([M+H]+),
517.2240; found, 517.2238.
4-(Di(2-picolyl)aminomethyl)-2-(2′-hydroxy-3′-naphthyl)benzoxazole
(HNBO-DPA, 7). 6 (0.79 g, 1.5 mmol) and p-toluenesulfonic acid
monohydrate (1.3 g, 6.7 mmol) were dissolved in methanol (100 mL) and
stirred overnight at room temperature. The reaction mixture was
concentrated under vacuum and then poured into water. The solution was
neutralized by K2CO3. The organic compounds were extracted with CH2Cl2
(100 mL, three times), dried over anhydrous MgSO4, and concentrated.
Silica gel column purification with CH2Cl2:methanol (12:1, v/v) gave 0.35 g
of white powder (49 %). 1H NMR (300 MHz, CDCl3) δ: 3.91 (s, 4H), 4.16 (s,
2H), 7.15 (t, 2H, J = 5.7 Hz), 7.34 − 7.42 (m, 2H), 7.47 − 7.57 (m, 4H), 7.65
− 7.76 (m, 5H), 7.89 (d, 1H, J = 4.2 Hz), 8.53 (d, 2H, J = 2.4 Hz), 8.64 (s,
1H), 11.27 (s, 1H). 13C NMR (75 MHz, CDCl3) δ: 53.9, 60.5, 109.6, 111.8,
112.9, 122.2, 123.0, 124.2, 125.8, 126.2, 126.7, 127.7, 128.6, 128.8, 128.9,
130.7, 136.8, 136.9, 139.7, 149.3, 149.5, 154.5, 159.8, 162.4. HRMS (FAB,
positive): Calcd for C30H25N4O2 ([M+H]+), 473.1978; found, 473.1982. Anal.
Calcd for C30H24N4O2: C, 76.25; H, 5.12; N, 11.86. Found: C, 76.24; H,
5.12; N, 11.85.
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V-2.2 Measurements
X-ray

Crystallography.

A

single

crystal

of

[Zn(HNBO-

DPA)](ClO4)2·CH3CN was picked from an CH3CN solution and mounted on
a goniometer head. Data collections were carried out on a Bruker SMART
AXS diffractometer equipped with a monochromator in the Mo Kα (λ =
0.71073 Å) incident beam. The CCD data were integrated and scaled using a
Bruker-SAINT software package, and the structure was solved and refined
using SHEXTL V6.12.64 All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were located in the
calculated positions except for H33, which was found from the Fourier
difference map.

Crystal data for [Zn(HNBO-DPA)](ClO4)2·CH3CN:

C32H27Cl2N5O10Zn, Monoclinic, P2(1)/c, Z = 4, a = 10.9325(2), b =
16.4960(3), c = 18.1446(3) Å, β = 107.2770(10) °, V = 3124.60(10) Å3, µ =
1.027 mm−1, ρcalcd = 1.654 g/cm3, R1 = 0.0296, wR2 = 0.1069, GOF = 0.951
for 7180 unique reflections and 456 variables. The crystallographic data for
[Zn(HNBO-DPA)](ClO4)2·CH3CN are listed in Table IV-2, and Table IV-3 in
lists the selected bond distances and angles. CCDC-831430 for [Zn(HNBODPA)](ClO4)2·CH3CN contains the supplementary crystallographic data for
this

paper.

These

data

can

be

www.ccdc.cam.ac.uk/data_request/cif

obtained
(or

free

from

of
the

charge

via

Cambridge

Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
Spectroscopic Measurements. Milli-Q grade water (18.2 MΩ⋅cm) was used
to prepare solutions for spectroscopic measurements. PIPES (piperazine-
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N,N′-bis(2-ethanesulfonic acid), ≥99%) was purchased from Aldrich. A pH
7.0 buffer solution was prepared by dissolving PIPES (25 mM) in milli-Q
water and adjusting the pH with a standard KOH solution (45 wt %, Aldrich)
or an HCl solution (1 N, Aldrich). The buffer solution was further treated
with Chelex®100 resin (BIO-RAD) to remove trace metal ions and filtered
through a membrane (pore size = 0.45 µm). pH of the buffer solution was
reexamined before use. Fresh metal stock solutions (typically, 0.1 or 0.01 M)
were prepared in milli-Q water using the corresponding chloride salts: NaCl
(≥99.5%, Aldrich), KCl (puratonic grade, Calbiochem), MgCl2 (99.99%,
Aldrich), CaCl2 (99.99%, Aldrich), MnCl2 (99.99%, Aldrich), FeCl2 (99.99%,
Aldrich), CoCl2 (99.9%, Aldrich), NiCl2 (99.99%, Aldrich), ZnCl2 (99.999%,
Aldrich), CuCl2 (99.999%, Aldrich), CdCl2 (99.999%, Aldrich), and HgCl2
(99.999%, Aldrich). A TPEN solution was prepared by dissolving
N,N,N′,N′-tetrakis(2-picolyl)ethylenediamine (≥99%, Sigma) in DMSO
(99.9%, Aldrich). Zn(ClO4)2⋅6H2O (Aldrich) was dissolved in CH3CN
(spectrophotometric grade, Aldrich) to 1 mM and 10 mM concentration. The
sensor for aqueous solutions was dissolved in DMSO to a concentration of
10 mM. The sensor solution was partitioned into Eppendorf centrifuge tubes
and stored frozen. For spectroscopic measurements, the sensor solution was
thawed just before experiments. Typically, 3 mL of pH 7.0 PIPES buffer and
3 µL of the sensor solution (10 mM) were mixed to give a 10 µM solution.
CH3CN solutions (spectrophotometric grade, Aldrich) of the sensor (10 µM)
were freshly prepared before measurements. A 1 cm × 1 cm fluorimeter cell
(Hellma) was used for steady-state optical measurements. UV-vis absorption
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spectra were collected on a Varian Cary 50 spectrophotometer and a
Shimadzu

UV-1650PC

spectrophotometer

at

room

temperature.

Fluorescence spectra were obtained by using a Varian Cary Eclipse
fluorescence spectrophotometer and a Quanta Master 40 scanning
spectrofluorimeter at room temperature. The solutions were excited by using
an excitation beam at 340 nm throughout fluorescence measurements unless
otherwise indicated. A 3 µL portion of a 1 mM ZnCl2 or Zn(ClO4)2 solution
was added per each titration step. pH titrations of fluorescence intensity were
conducted with KOH solutions (milli-Q water, pH = 12) containing KCl
(100 mM) and the sensor (10 µM) by the addition of aqueous HCl solutions
(6, 2, 1, 0.5, 0.1, or 0.05 M). The photoluminescence quantum yield (ΦFl)
was determined through an absolute method by employing an integrated
sphere. Ar-saturated CH3CN solutions containing HNBO-DPA (125 µM)
with or without zinc ion (2 equiv) were excited by a 420 nm beam and the
total

emission

was

collected

for

integration.

All

solutions

for

photoluminescence measurements were air-equilibrated except those for
measurement of photoluminescence quantum yields, photoluminescence
lifetimes,

and

femtosecond

and

nanosecond

transient

absorption.

Photoluminescence lifetime measurements were performed by a Photon
Technology International GL-3300 with a Photon Technology International
GL-302, nitrogen laser/pumped dye laser system equipped with a four
channel digital delay/pulse generator (Stanford Research System Inc.
DG535), and a motor driver (Photon Technology International MD-5020).
Excitation wavelength was 430 nm using dimethyl-POPOP (Exciton Co.,
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USA) as a laser dye. The laser pulse of 337 nm was focused at CH3CN
solutions of HNBO-DPA (O.D. = 0.2 at 345 nm) in the absence or presence
of zinc ion (2 equiv).
Determination of Kd. Zinc-buffered solutions (pH 7.4; 100 mM HEPES,
100 mM NaNO3, and 10 mM HEDTA) were employed to determine a
dissociation constant (Kd). The procedure reported by Nagano and coworkers was modified to prepare 15 solutions of free zinc concentrations
varied from 6.3 fM to 1.0 nM.65 A 3 µL sensor solution (10 mM, DMSO)
was added to each zinc-buffered solution (3 mL) and kept at least for 3 h.
Fluorescence spectrum of the solution was recorded and the intensity was
calculated by integrating the spectrum from 430 nm to 700 nm. A zinc
binding titration isotherm plotting fluorescence intensity was constructed as
a function of free zinc concentration, which was fitted to a 1:1 binding
equation.65
Femtosecond Laser Flash Photolysis. Femtosecond transient absorption
spectroscopy experiments were conducted using an ultrafast source, IntegraC (Quantronix Corp.), an optical parametric amplifier, TOPAS (Light
Conversion Ltd.), and a commercially available optical detection system,
Helios provided by Ultrafast Systems LLC. The source for the pump and
probe pulses were derived from the fundamental output of Integra-C (780
nm, 2 mJ/pulse, and fwhm = 130 fs) at a repetition rate of 1 kHz. 75% of the
fundamental output of the laser beam was introduced into TOPAS which has
optical frequency mixers resulting in tunable range from 285 nm to 1660 nm,
while the rest of the output was used for white light generation. Prior to
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generating the probe continuum, a variable neutral density filter was inserted
in the path in order to generate stable continuum, then the laser pulse was fed
to a delay line that provides an experimental time window of 3.2 ns with a
maximum step resolution of 7 fs. Excitation wavelength at 356 nm of
TOPAS output, which are fourth harmonic of signal or idler pulses, was
chosen as the pump beam. As this TOPAS output consists of not only
desirable wavelength but also unnecessary wavelengths, the latter was
deflected using a wedge prism with wedge angle of 18 °. The desirable beam
was irradiated at the sample cell with a spot size of 1 mm diameter where it
was merged with the white probe pulse in a close angle (< 10 °). The probe
beam after passing through a 2 mm sample cell was focused on a fiber optic
cable, which was connected to a CCD spectrograph for recording the timeresolved spectra (470 − 800 nm). Typically, 3000 excitation pulses were
averaged for 3 s to obtain the transient spectrum at a set delay time. Kinetic
traces at appropriate wavelengths were assembled from the time-resolved
spectral data. All measurements were conducted at 295 K.
Nanosecond Laser Flash Photolysis. Ar-saturated CH3CN solutions were
excited by Nd:YAG laser (Continuum, SLII-10; 4 − 6 ns fwhm) at 355 nm
with 5 mJ/pulse. Time courses of the transient absorption were measured by
an InGaAs-PIN photodiode (Hamamatsu 2949) as a detector. The output
from the photodiodes and a photomultiplier tube was recorded with a
digitized oscilloscope (Tektronix, TDS3032; 300 MHz). All experiments
were performed at 298 K.
Electrochemical Measurements. Cyclic voltammetry experiments were
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carried out with a CHI630 B instrument (CH Instruments, Inc.) using three
electrode cell assemblies. Pt wires were used for working and counter
electrodes. An Ag/AgNO3 couple was employed as a reference electrode.
Measurements were carried out in Ar-saturated MeCN (3 mL) with tetra-nbutylammonium hexafluorophosphate (Bu4NPF6) as a supporting electrolyte
(0.1 M) at a scan rate of 100 mV/s. Sensor concentration was 1 mM. A
ferrocenium/ferrocene reference was employed. For spectroelectrochemical
measurements, an Ar-saturated CH3CN solution containing either HNBO or
HNBO-DPA (1 mM) and Bu4NPF6 (0.1 M) was delivered to a 1 cm × 0.5
mm quartz cuvette in which a Pt mesh working electrode was integrated. A
Pt wire and an Ag/AgNO3 couple were employed for a counter electrode and
a reference electrode, respectively. UV-vis absorption spectra were recorded
under a negative bias (−2.2 V for HNBO and −2.0 V for HNBO-DPA).

V-2.3 Calculations
Quantum chemical calculations based on density functional theory (DFT)
were carried out using a Gaussian 09 program.66 Ground state geometry
optimization and single point calculations were performed using the B3LYP
functional and the 6-31+G(d,p) basis set. Additional B3LYP calculations
with cc-pVTZ basis set were performed, and the results were essentially
same (not shown). Structures of neutral forms were optimized and frequency
calculations were performed to examine stability of the optimized
geometries. The resulting geometries were used as starting geometries for
optimization of deprotonated forms. Geometry of the zinc-bound HNBO-
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DPA was extracted from its crystal structure and used without further
optimization. For TD-DFT calculations, the unrestricted UB3LYP functional
and the identical basis set used for the geometry optimization were applied.
Twenty lowest singlet states were calculated and analyzed.

V-2.4 in vitro and in vivo Imaging
Detection of Zinc Ions in Live Mammalian Cells with HNBO-DPA. A549
(human lung carcinoma) and HeLa cells (human cervix adenocarcinoma)
were seeded in a 24-well plate at a density of 2 × 103 cells per well in culture
media (RPMI-1640 supplemented with 10% fetal bovine serum). After 24 h, 5
µM HNBO-DPA in the culture media containing 0.1 vol % DMSO was added
to the cells, and the cells were incubated for 1 h at 37 oC. After washing twice
with 400 µL of Dulbecco’s phosphate buffered saline (DPBS, without calcium
and magnesium) to remove the remaining probe, the cells were further treated
with 5 µM ZnCl2/sodium pyrithione in culture media for 0.5 h. The treated
cells were imaged by a fluorescence microscope (Eclipse TE2000-S, Nikon,
Japan). For TPEN experiments, 5 µM HNBO-DPA in the culture media
containing 0.1 vol % DMSO was added to the cells, and the cells were
incubated for 1 h at 37 °C. After washing twice with DPBS, the cells were
treated with 50 µM TPEN for 0.5 h, washed with DPBS, and then treated with
5 µM ZnCl2/sodium pyrithione in culture media. The treated cells were
imaged by a fluorescence microscope.
To induce apoptosis, A549 and HeLa cells were treated with 100 µM
H2O2 or 10 µM apoptozole in the culture media for 24 h at 37 oC. The cells
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were incubated with 5 µM HNBO-DPA in the culture media for 1 h at 37 °C.
After washing twice with DPBS, the cells were imaged by a fluorescence
microscope. For TPEN experiments, cells treated with 100 µM H2O2 or 10
µM apoptozole were incubated with 50 µM TPEN for 1 h. After washing
twice with DPBS, 5 µM HNBO-DPA in the culture media was added to the
cells, and the cells were incubated for 1 h at 37 °C. Finally the treated cells
were rinsed and imaged by a fluorescence microscope.
Tracing Distribution of Zinc Ions in Zebrafish with HNBO-DPA.
Zebrafish were kept at 28 °C and maintained at optimal breeding conditions.67
For mating, male and female zebrafish were maintained in one tank at 28 °C
on a 12-h light/12-h dark cycle, and then the spawning of eggs was triggered
by giving light stimulation in the morning. Almost all eggs were fertilized
immediately. All stages of zebrafish were maintained in E3 embryo media (15
mM NaCl, 0.5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 0.15 mM KH2PO4, 0.05
mM Na2HPO4, 0.7 mM NaHCO3, and 5 − 10% methylene blue; pH 7.5).
Zebrafish embryos at 18, 24, 48, 60, and 72 hpf were incubated with 5 µM
HNBO-DPA in E3 media containing 0.1 vol % DMSO for 1 h at 28 °C.
Alternatively, 48 h-old zebrafish were exposed to 100 µM TPEN in E3 media
containing 0.1 vol % DMSO for 1 h at 28 °C. After washing with E3 media to
remove the remaining TPEN, the zebrafish were further incubated with 5 µM
HNBO-DPA in E3 media for 1 h at 28 °C. The treated zebrafish were imaged
by a fluorescence microscope.
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V-3 Results and Discussion
V-3.1 Synthesis and Response to Zinc
The fluorescent zinc sensor (HNBO-DPA) consists of two functional units, a
zinc-specific di(2-picolyl)amino (DPA) receptor and a chromophoric unit
(HNBO) featuring ESIPT fluorescence (Scheme V-1). The structure is
reminiscent of Zinbo-5 established by O’Halloran and co-workers,58 but
largely red-shifted fluorescence is expected due to increased conjugation by
naphthol. We anticipated tight zinc binding by the cooperative chelation of
naphthol and benzoxazole of HNBO as well as the DPA unit. HNBO-DPA
was prepared in five steps with an overall yield of 7%, as shown in Scheme
V-1. Acid-catalyzed condensation between 2-amino-m-cresol and 2-hydroxy3-naphthoic acid yielded the ESIPT unit (3, HNBO), followed by protection
of the naphthol group by conversion to a methoxymethylether (MOM). The
methyl group of the MOM-protected HNBO (4) was brominated with Nbromosuccinimide (NBS) and azobisbutyronitrile (AIBN) to benzyl bromide,
which was then substituted by DPA in the presence of sodium carbonate.
Finally, the MOM group was deprotected by p-toluenesulfonic acid (TsOH).
HNBO-DPA exhibited excellent solubility in various organic solvents and
aqueous buffer solutions (pH 7.0). HNBO-DPA and newly synthesized
compounds were characterized by standard analytical methods and proved to
be identical with the anticipated structures.
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1

2

3, HNBO

4

6

7, HNBODPA

Scheme V-1. Synthetic routes of HNBO-DPA.
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Addition of Zn(ClO4)2 to an CH3CN solution of HNBO-DPA (10
µM) immediately turned the colorless solution to yellow due to a new
absorption band at 443 nm. A similar observation was reported for the zinc
binding of 2-(sulfoamidophenyl)benzimidazole.56 UV-vis absorption spectra
were acquired with continuous addition of zinc ions, and isosbestic points
were observed at 261, 297, 327, 336, 355, and 392 nm (Figure V-1a). Titration
isotherms plotting absorbance at 364 nm and 443 nm as a function of amount
of added zinc ions (0−1.2 equiv) indicate a 1:1 binding stoichiometry (Figure
V-1c). Acquisition of photoluminescence spectra (λex = 360 nm) of an CH3CN
solution of HNBO-DPA (10 µM) with continuous addition of Zn(ClO4)2 (0−5
equiv) revealed a 37-fold fluorescence turn-on without a spectral shift (Figure
V-1b). Actually, normalized photoluminescence spectra of zinc-free and bound forms are identical (inset of Figure V-1b). The lack of a spectral shift is
indicative of a fluorescence transition from an identical excited state
regardless of the presence of zinc ions, which seems to contradict to the
ratiometric change in the UV-vis absorption spectra (Figure V-1a). A titration
isotherm constructed by total fluorescence intensity as a function of the
amount of added zinc ions confirms the 1:1 complexation (Figure V-d). The
detailed photophysical properties of HNBO-DPA in the absence and presence
of zinc ions are summarized in Table V-1.
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Table V-1. Photophysical and electrochemical data of HNBO-DPA in the
absence and presence of zinc ionsa
zinc-free

zinc-bound

318 (4.50), 332 (4.42),

290 (4.55), 330 (4.45),

365 (3.56), 379 (3.51)

346 (4.43), 443 (3.67)

λems (nm)b

550

542

ΦFl (%)

0.59

16

brightness (ε340nm × ΦFl)

106

3040

τobs (ns)c

20

22

kr (/107 s−1)d

0.00295

0.727

knr (/107 s−1)e

4.97

3.82

1.11, 1.62

1.50

λabs (nm, log ε)

Ep (Ox)f
a10

µM HNBO-DPA in MeCN. bλex = 340 nm. cλobs = 540 nm. dkr = ΦFl/τobs. eknr = (1−ΦFl)/τobs.

fDetermined

by cyclic voltammetry (vs SCE); Pt wire working and counter electrodes; An

Ag/AgNO3 reference electrode; 0.1 M Bu4NPF6; 1 mM HNBO-DPA; scan rate = 100 mV/s.
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Figure V-1. Zinc titration of HNBO-DPA (10 µM in CH3CN, room
temperature). (a) UV-vis absorption spectral change with the continuous
addition of Zn(ClO4)2 (0 − 1.2 equiv). (b) Fluorescence spectral change with
the continuous addition of Zn(ClO4)2 (0 − 5 equiv). λex = 360 nm. Inset figure
is normalized fluorescence spectra in the absence (dashed line) and presence
(solid line) of zinc ions (5 equiv). (c) Titration isotherms plotting absorbance
at 364 and 443 nm as a function of concentration of added zinc ions. (d) A
titration isotherm of fluorescence intensity as a function of concentration of
added zinc ions.

171

In order to elucidate the zinc binding mode of HNBO-DPA, crystals
were grown by layering an CH3CN solution of 1 mM Zn(ClO4)2 on top of an
CH3CN solution of 1 mM HNBO-DPA (crystallographic data are summarized
in Table V-2 and Table V-3). As shown in Figure V-2, the crystal structure
reveals that a zinc ion is pentacoordinatively bound to HNBO-DPA through
the interactions with the DPA and the ESIPT moiety of HNBO. Thus, the
coordination structure around the zinc center is a distorted trigonal
bipyramidal. Therefore, it is likely that the tight zinc binding leads to direct
alteration of fluorescence properties of HNBO, which is beneficial for
detection of trace amount of free zinc ions.
It is worth noting that the photoluminescence response of HNBODPA is different from the usual scheme of the ESIPT process that contains the
E to K tautomerization. This observation is rather in sharp contrast to
previous ESIPT sensors that display ratiometric responses.68-76 In previous
cases, zinc ion displaces proton and suppresses the ESIPT process.
Hypsochromically shifted fluorescence is therefore observed,77-79 producing
ratiometric signals. The zinc-induced fluorescence enhancement and lack of
the fluorescence ratiometric response observed in our case is, thus, quite
unusual. We notice that, despite their ambitious and broad prospects for
bioimaging applications, photophysical and electrochemical interactions
between a metal-chelating unit and an ESIPT chromophore have been poorly
understood to date. This prompted us to elucidate the photophysical origin of
the fluorescence response of HNBO-DPA.
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Figure V-2. X-ray crystal structure of [Zn(HNBO-DPA)]2+ with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms except H33 are
omitted for clarity. H33 atom is found from Fourier difference map. Selected
bond distances: Zn1−O1, 2.1877(12) Å; Zn1−N1, 2.1800(14) Å; Zn1−N2,
1.9932(14) Å; Zn1−N3, 2.0169(14) Å; Zn1−N4, 2.0214(15) Å. A list of
metric parameters is summarized in Table V-2.
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Table V-2. Crystal data and structure refinements for [Zn(HNBODPA)](ClO4)2·CH3CN
[Zn(HNBO-DPA)](ClO4)2·CH3CN
Empirical formula

C32H27Cl2N5O10Zn

Formula weight

777.86

Temperature (K)

170(2)

Wavelength (Å)

0.71073
Monoclinic, P2(1)/c

Crystal system/space group
Unit cell dimensions
a (Å)

10.9325(2)

b (Å)

16.4960(3)

c (Å)

18.1446(3)

α (°)

90

β (°)

107.2770(10)

γ (°)

90

Volume (Å3)

3124.60(10)

Z

4

Calculated density (g/cm−3)

1.654

Absorption coefficient (mm−1)

1.027

Reflections collected

52186

Independent reflections [R(int)]

7180 [0.0267]

Refinement method

Full-matrix
least-squares on F2

Data/restraints/parameters

7180/0/ 456

Goodness-of-fit on F2

0.951

Final R indices [I > 2sigma(I)]

R1 = 0.0296, wR2 = 0.1069

R indices (all data)

R1 = 0.0365, wR2 = 0.1150
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Table V-3. Selected bond distances (Å) and angles (º) for [Zn(HNBODPA)](ClO4)2·CH3CN
Bond Distances (Å)
Zn1-O1

2.1877(12)

Zn1-N1

2.1800(14)

Zn1-N2

1.9932(14)

Zn1-N3

2.0169(14)

Zn1-N4

2.0214(15)
Bond Angles (°)

O1-Zn1-N1

175.91(5)

O1-Zn1-N2

83.74(5)

O1-Zn1-N3

99.47(5)

O1-Zn1-N4

101.14(5)

N2-Zn1-N3

127.26(6)

N2-Zn1-N4

114.53(6)

N3-Zn1-N4

116.27(6)
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V-3.2 Steady-state Photophysical Properties
Fluorescence spectra of HNBO and HNBO-DPA were acquired in various
solvents with different polarities. Fluorescence spectra of HNBO are
characterized by dual emission that consists of E* (420 nm; Stokes shift =
5600 cm−1) and K* (~650 nm; Stokes shift = ca. 14000 cm−1) fluorescence
(Figure V-3a). The E* fluorescence displays a negligible shift by solvent
polarity in contrast to the K* fluorescence that shows strong positive
solvatochromism.80 The fluorescence intensity ratio between K* vs E*
emission decreases upon increasing solvent polarity. Nevertheless, the dual
fluorescence was observed in all cases. In sharp contrast, HNBO-DPA has an
additional emission band (519−554 nm; Stokes shift = 11000−10000 cm−1)
that occurs between E* and K* fluorescence, producing peculiar triple
emission (Figure V-3b). Fluorescence intensity of this new emission is the
strongest among the three emission bands in most organic solvents, and its
peak wavelength is significantly affected by solvent polarity. Actually, a
bathochromic shift is observed with increasing solvent polarity. This positive
solvatochromism is further confirmed by a negative slope (−7662 cm−1) in a
Lippert-Mataga plot shown in Figure V-3c. Charge-transfer is therefore
involved appreciably in the fluorescence transition. Collectively, the spectral
position and strong solvatochromism reveal that an origin of the new
fluorescence emission is neither E nor K state.
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Figure V-3. Measurements of fluorescence spectra of (a) HNBO and (b)
HNBO-DPA with differing solvent polarities. (c) A Lippert-Mataga plot
constructed for E* fluorescence of HNBO (~420 nm; open circles) and
HNBO-DPA (~420 nm; filled circles), and the new fluorescence band (~540
nm) of HNBO-DPA (filled triangles). Solvent polarity parameter (f) is defined
by f = (ε−1)/(2ε+1)−(n2−1)/(2n2+1), where ε and n are dielectric constant and
refractive index of solvent, respectively. f values: CHCl3, 0.1481; EtOAc,
0.1998; CH2Cl2, 0.2184; DMF, 0.2746; CH3CN, 0.3055.
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Addition of an aqueous sodium hydroxide solution (50 equiv) to
CH3CN solutions containing either HNBO or HNBO-DPA (10 µM) produces
a new absorption band at 425 nm (HNBO; Figure V-4a) or 433 nm (HNBODPA; Figure V-4c), respectively. It should be noted that these absorption
bands are similar to the case produced by zinc coordination of HNBO-DPA
(Figure V-1a). The absorption change accompanies a concurrent increase in
fluorescence intensity at 560 nm and 554 nm for HNBO (a 30-fold increase)
and HNBO-DPA (a 42-fold increase), respectively. Figure IV-4b reveals that
the increased fluorescence band (560 nm) of HNBO is neither E* (416 nm)
nor K* fluorescence (650 nm), but identical to the fluorescence spectrum of
HNBO-DPA (Figures V-1b and V-4d). A similar behavior was previously
reported by Jen and co-workers for bis(2-hydroxyphenylbenzoxazole)
fluorophores.81 Since the base-induced optical responses are identical to those
observed for zinc complexation, the results provide strong evidence that zinc
coordination provokes deprotonation of HNBO-DPA in solution state.
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Figure V-4. UV-vis absorption and photoluminescence spectral change of (a,
b) HNBO and (c, d) HNBO-DPA upon the addition of base (aqueous sodium
hydroxide, 50 equiv) to CH3CN solutions containing either HNBO or HNBODPA (10 µM): Dashed lines, before the addition of base; solid lines, after the
addition of base. The dashed line in (b) is magnified by 10-fold (dotted line)
to indicate E and K emission bands. Arrows indicate direction of spectral
changes. 340 nm excitation beam was provided to CH3CN solutions.
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V-3.3 Transient Absorption and Electrochemical Properties
To gain further information on the photophysical origin for the zinc response,
we performed nanosecond and femtosecond laser flash photolysis experiments
with Ar-saturated CH3CN solutions containing HNBO-DPA in the absence
and presence of zinc ions (O.D. = 0.1 at 355 nm and 420 nm for zinc-free and
-bound forms, respectively). Transient absorption spectrum of the zinc-free
form at 4 µs delay features distinct bands at 420, 470, and 700 nm under
nanosecond laser excitation (Figure V-5a). We assign 470 nm and 700 nm
absorption bands as radical anion of HNBO (i.e., HNBO•−) and radical cation
of DPA (i.e., DPA•+), respectively. The radical cation of HNBO-DPA (HNBO–
DPA•+) was independently generated by electron transfer from HNBO–DPA to
the electron-transfer state of 9-mesityl-10-methylacridinium ion (Acr•–Mes•+),
which was produced upon nanosecond laser excitation of Acr+–Mes,82-84
exhibiting the absorption bands at 460 and 700 nm (Figure V-6a). The 470 nm
absorption

band

due

to

HNBO•–

was

also

observed

in

the

spectroelectrochemical measurements (Figure V-6b and c) of HNBO (−2.2 V)
and HNBO-DPA (−2.0 V). Interestingly, the absorption bands at 470 and 700
nm are long-lived with decay time constants of 38 µs (Figures V-5c and d).
Their identical decay time constants are indicative of an intramolecular radical
ion pair. Addition of zinc ions quenches the transient absorption bands at 470
nm and 700 nm (delay time = 4 µs; Figure V-5b), as expected for zinc-induced
suppression of photoinduced electron transfer (PeT).
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(a)

(b)

(c)

(d)

Figure V-5. Transient absorption spectra of CH3CN solutions containing
HNBO-DPA measured at 4 µs after nanosecond laser excitation at λex = 355
nm for the zinc-free form and λex = 420 nm for the zinc-bound form in the (a)
absence and (b) presence of zinc ions (5 equiv). Decay profiles of nanosecond
transient absorption for the zinc-free form of HNBO-DPA recorded at 470 and
700 nm are shown in (c) and (d), respectively. Grey lines are fit to a single
exponential decay model: (c), τ = 38 µs; (d), τ = 38 µs.
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Figure V-6. (a) Transient absorption spectrum of HNBO–DPA•+ observed at 5
ms in electron transfer from HNBO–DPA (1.0 mM) to the electron-transfer
state of 9-mesityl-10-methylacridinium ion (Acr•–Mes•+), which was produced
upon nanosecond laser excitation of Acr+–Mes (0.10 mM) at 430 nm in
deaerated CH3CN. The absorption bands between 500 and 550 nm are
ascribed to Acr•–Mes. UV-vis absorption spectra of (b) HNBO and (c)
HNBO-DPA radical anions generated in CH3CN at room temperature by
applying −2.2 V and −2.0 V, respectively. Black line, before applying
potential; red line, 5 s after applying negative potential.
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Femtosecond transient absorption spectra of a zinc-free form in
Figure V-7a show the conversion of the singlet excited state of HNBO (λmax =
640 nm) to DPA•+ (λmax = 700 nm), which is also observed in nanosecond
transient absorption spectrum (Figure V-5a). The transient absorption at 470
nm due to HNBO•– is not detected because of the limitation of the detection of
absorption shorter than 490 nm. Addition of zinc ions suppresses formation of
DPA•+ (λmax = 700 nm) as shown in Figure V-7b. Taken together, the results
obtained by nanosecond and femtosecond laser flash photolysis reveal
occurrence of intramolecular PeT from DPA to HNBO in the zinc-free state.
Since PeT is generally considered to generate a nonemissive charge-separated
state (CS; i.e., HNBO•−–DPA•+), suppression of PeT by zinc coordination is
responsible for the fluorescence turn-on of HNBO-DPA.

(a)

(b)

Figure V-7. Transient absorption spectra of HNBO-DPA measured at 1, 100,
and 3000 ps after femtosecond laser excitation at λex = 356 nm in the (a)
absence and (b) presence of zinc ion (5 equiv).
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Cyclic voltammograms shown in Figure V-8a also suggest zincinduced modulation in PeT. HNBO-DPA possesses peaks at 1.11 and 1.62 V
(vs SCE) which correspond to oxidation of DPA and HNBO, respectively.
Inserting the experimental values (i.e., E+(DPA•+/DPA) = 1.11 V;
E−(HNBO/HNBO•−) = −0.75 V (Figure V-8b); ∆E00 = 3.59 eV) into the RehmWeller equation85 yields a positive driving force for PeT (−∆GPeT = 1.54
eV).86,87 Although the value of the driving force includes an experimental
error of ±0.1 eV because the irreversible oxidation and reduction of HNBODPA, the PeT process is highly exergonic. As expected, addition of zinc ions
(5 equiv) suppresses the oxidation of the free DPA moiety at 1.11 V (Figure V8a), whereas only HNBO oxidation is observed before the solvent oxidation.
An ability of DPA for a photoinduced electron donor is therefore lost by the
zinc coordination, leading to the fluorescence turn-on.
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Figure V-8. (a) Cyclic voltammograms of HNBO, DPA, HNBO-DPA, and
zinc complex of HNBO-DPA. Peak potentials are summarized in Table IV-1.
(b) Cyclic voltammogram of HNBO-DPA (1 mM, Ar-saturated CH3CN) under
reduction potential.

V-3.4 DFT/TD-DFT Calculations
The

steady-state

and

transient

photophysical

measurements

and

electrochemical characterizations establish two mechanisms for the zincinduced fluorescence turn-on: deprotonation of naphthol and suppression of
PeT. To gain additional structural insight into the mechanisms, DFT/TD-DFT
calculations (B3LYP/6-31+G(d,p)//UB3LYP/6-31+G(d,p)) were carried out.
TD-DFT calculations with B3LYP/6-31+G(d,p) were previously employed to
predict influence of zinc binding in fluorescent sensors.88 Figure V-9 depicts
calculated geometry of neutral and deprotonated forms of HNBO and HNBODPA, and a deprotonated zinc complex of HNBO-DPA ([Zn(HNBO-DPA)]+).
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Figure V-9. Isosurface (0.020 electron bohr−3) of molecular orbitals
participating in the lowest energy singlet states for the neutral and
deprotonated forms for HNBO, HNBO-DPA, and a zinc complex of HNBODPA ([Zn(HNBO-DPA)]2+).
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Crystal structure geometry of [Zn(HNBO-DPA)]2+ is shown for
comparison. It should be noted that while the crystal structure of [Zn(HNBODPA)]2+ maintains proton of naphthol, steady-state photophysical results
strongly suggest deprotonation in solution state (vide supra).
Molecular orbitals participating in the lowest energy singlet
transition are displayed, and electronic transitions calculated by TD-DFT
methods are summarized in Table V-4. Transition energies calculated for the
singlet excited state (S1) are 327 nm for neutral forms of HNBO and HNBODPA, but their transition characters are markedly different. S1 state of an E
form of HNBO is constructed by π−π* transition of the HNBO unit (LHC),
whereas a DPA-to-HNBO charge-transfer (LDLHCT) transition and π−π*
transition of the HNBO unit (LHC) transition are responsible for S1 state of
HNBO-DPA. Meanwhile, zinc coordination to HNBO-DPA ([Zn(HNBODPA)]2+) suppresses this contribution of DPA (LDLHCT), resulting in πorbitals of HNBO being dominant for the occupied orbital (HOMO). Thus,
significant difference in the transition character (i.e., a π−π* transition of the
HNBO (LHC) and a HNBO-to-DPA charge transfer transition (LHLDCT)) is
identified for the singlet transition of [Zn(HNBO-DPA)]2+. Despite the slight
red shift compared to those (327 nm) of HNBO and HNBO-DPA, transition
energy (388 nm) of [Zn(HNBO-DPA)]2+ is still higher than that
experimentally observed (Figure V-1).
Deprotonation of naphthol destabilizes molecular orbitals, among
which, HOMO occurring at naphtholate is preferentially affected (Figure V-9).
Corresponding S1 state energy decreases in all cases: 553 nm, 552 nm, and
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537 nm for deprotonated forms of HNBO (i.e., HNBO−), HNBO-DPA (i.e.,
HNBO-DPA−), and a zinc complex of HNBO-DPA (i.e., [Zn(HNBO-DPA)]+),
respectively. This prediction is in accordance with the observation for zinc(Figure V-1) and base-induced (Figure V-4) spectral changes. In particular, the
deprotonated species including [Zn(HNBO-DPA)]+ possess an charge-transfer
transition (i.e., intramolecular naphtholate to the whole HNBO unit chargetransfer transition, IHCT) that may account for the distinguished
solvatochromism (Figure V-3c).
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Table V-4. Summary of TD-DFT calculation results for neutral and deprotonated forms of HNBO, HNBO-DPA, and zinc
complex of HNBO-DPA.
state

Transition energy (nm)

participating MO

Transition charactera

HNBOb

S1

327 (0.7258)c

HOMO−1 → LUMO (0.67)d

LHC

HNBO− b

S1

553 (0.1918)

HOMO → LUMO (0.71)

IHCT

HNBO-DPAb

S1

327 (0.6669)

HOMO−2 → LUMO (0.67)

LDLHCT + LHC

HNBO-DPA− b

S1

552 (0.1273)

HOMO → LUMO (0.70)

IHCT + LHLDCT

[Zn(HNBO-DPA)]2+ e

S1

388 (0.1291)

HOMO → LUMO+1 (0.59)

LHC + LHLDCT

b

S1

537 (0.0028)

HOMO → LUMO (0.70)

LHLDCT

S2

490 (0.0262)

HOMO → LUMO+2 (0.70)

IHCT + LHLDCT

S3

387 (0.0127)

HOMO−1 → LUMO (0.70)

LHLDCT

[Zn(HNBO-DPA)]+

a

LHC (HNBO-centered π−π* transition), IHCT (intramolecular charge-transfer transition of HNBO) LDLHCT (DPA-to-HNBO charge-transfer transition), LHLDCT

(HNBO-to-DPA charge-transfer transition). bOptimized geometry (B3LYP/6-31+G(d,p)).
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c

Oscillator strength. dExpansion coefficient. eCrystal structure geometry.

V-3.5 Fluorescence Turn-On Mechanism
Taking the results into account, following conclusions can be drawn:
1)

A deprotonated form of HNBO, 2-(2′-benzoxazolyl)-3-naphtholate, is
responsible for the fluorescence enhancement and the new band in the
UV-vis absorption spectrum.

2)

The deprotonated emission band has charge-transfer character and
show strong positive solvatochromism.

3)

Intramolecular PeT from DPA to HNBO occurs to generate a nonemissive charge-separated (CS) state.

4)

The deprotonation is facilitated by zinc coordination.

5)

The intramolecular PeT is suppressed by zinc coordination.
The most plausible mechanism that accounts for the zinc-induced

fluorescence turn-on is depicted in Scheme V-2. In the absence of zinc, upon
photoexcitation, photoinduced excited-state electron transfer from DPA to
HNBO mainly occurs to generate a non-emissive charge-separated (CS) state.
In addition, the excited E species may partly decay radiatively via either E*
emission (~ 420 nm), ESIPT process with K* emission (~ 640 nm), or
excited-state deprotonation process with anionic emission (~ 542 nm).
In contrast, zinc coordination to DPA suppresses the electron transfer to
prohibit the generation of the CS state. At the same time, zinc coordination
promotes deprotonation of the naphthol group. In the case of the deprotonated
form, electron transfer from DPA to HNBO becomes thermodynamically
unfavorable due to decrease in the reduction potential of HNBO (i.e.,
−∆GPeT(HNBO−-DPA → HNBO2−-DPA•+) < 0). Collectively, zinc binding
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effectively suppresses occurrence of PeT by combined influences of
deprotonation (decreasing reduction potential of the electron acceptor) and the
coordination to DPA (increasing oxidation potential of the electron donor),
leading to fluorescence turn-on.
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Scheme V-2. Proposed mechanism for the zinc-responsive fluorescence turnon of HNBO-DPA.
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V.3.6 Zinc Sensing in Physiological Condition
The zinc sensing capability of HNBO-DPA has been examined in pH 7.0
buffers (25 mM PIPES). UV-vis absorption spectrum of a buffer solution
containing a zinc-bound form of HNBO-DPA (10 µM, 1 equiv of ZnCl2) is
identical to that observed in CH3CN (Figure V-1a and V-10a), which indicates
zinc-induced deprotonation of naphthol. Response of the probe to zinc ions
results in a 44-fold fluorescence increase without a spectral shift (Figure V10b; λem = 535 nm). A binding titration isotherm plotting integrated
fluorescence intensity as a function of total zinc concentration reveals 1:1
binding (Figure V-10c). A Job’s plot confirms this binding stoichiometry
(Figure V-10d). A dissociation constant (Kd) for zinc binding was determined
by employing zinc-buffered solutions (100 mM HEPES, 100 mM NaNO3, 10
mM HEDTA, and 0.59 − 10 mM total ZnCl2; pH 7.4). Using a mathematical
model for a 1:1 equilibrium,65 a Kd value was determined to be 12 pM (Figure
V-10e). Such a tight zinc binding property can be rationalized by the
pentacoordinate chelate structure (Figure V-2). Validity of the Kd value was
further assessed by a fluorescence competitive assay. In this study, HNBODPA (0 − 5 equiv) was continuously added to a pH 7.0 buffer solution (25
mM PIPES) containing ZnCl2 (2 equiv) and a fluorescence turn-on zinc sensor,
Zinpyr-1 (ZP1), established by Lippard and co-workers (10 µM).63 The
solution containing probes was excited at 500 nm where HNBO-DPA and its
zinc complex do not absorb but ZP1 and its complex do. Kd values of ZP1
were previously determined 0.04 pM and 1.2 nM (Scheme V-3).89 Since a
dissociation constant for HNBO-DPA and zinc binding is 12 pM, the probe
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can take out a more weakly bound zinc ion (Kd = 1.2 nM) that is coordinated
to ZP1. As expected, addition of HNBO-DPA to the mixture decreases in
fluorescence intensity of a zinc complex of ZP1, but the fluorescence intensity
of the mixture was not restored to that of a zinc-free form of ZP1 (Figure V10f) because a more tightly bound zinc ion (Kd = 0.04 pM) is still bound to
ZP1.

Scheme IV-3. Fluorescence competitive assay of HNBO-DPA.
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Figure V-10. (a) UV-vis absorption spectrum of HNBO-DPA (10 µM) in the presence
of ZnCl2 (1 equiv). (b) Fluorescence spectral change (λex = 340 nm) of HNBO-DPA
with the continuous addition of ZnCl2 (0 − 2 equiv). (c) A zinc binding titration
isotherm plotting fluorescence intensity as a function of total zinc concentration. (d)
Job’s plot of corrected fluorescence intensity at varying mole fraction of ZnCl2. Total
salt concentration was 10 µM. (e) A titration isotherm plotting fluorescence intensity
of HNBO-DPA as a function of free zinc concentration. Zinc-buffered solutions of pH
= 7.4 were used for measurements. (f) Fluorescence competitive assay (λex = 500 nm)
of a zinc complex of ZP1 solution (10 µM; [ZnCl2]added/[ZP1] = 2) by the addition of
HNBO-DPA (0 − 5 equiv). pH 7.0 buffer solutions (25 mM PIPES) were used for
measurements except (e).
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HNBO-DPA shows exclusive fluorescence response to zinc ions
among biologically relevant metal ions (Figure V-11); Na+, Mg2+, K+, Ca2+,
Mn2+, Co2+, and Ni2+ ions do not interfere the fluorescent zinc response. To
our surprise, the sensor discriminates zinc ions in the presence of tightly
binding transition metal ions. Actually, HNBO-DPA exhibits fluorescent zinc
response over divalent Cu2+, Fe2+, Cd2+, and Hg2+ ions, which are known to
bind stronger than zinc according to Irving-Williams series. The
pentacoordinated chelate disposition of HNBO-DPA may account for the
improved zinc selectivity (Figure V-2).

Figure V-11. Fluorescent zinc ion selectivity of HNBO-DPA (10 µM): Light
grey bar, fluorescence intensity of the zinc-free form; grey bar, fluorescence
intensity in the presence of metal ion (Na+, Mg2+, K+, Ca2+ ions, 100 equiv;
other metal ions, 1 equiv to HNBO-DPA); black bar, fluorescence intensity
after subsequent addition of zinc ion (1 equiv) to the mixture.
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V-3.7 Zinc Detection in a Broad pH Range
Most interestingly, the fluorescent zinc sensing ability of HNBO-DPA is not
affected by pH changes between 3 and 10 (Figure V-12a). The huge
fluorescence turn-on is conserved at buffer solutions at various pH (Figure V12b; pH 7.0, 100 mM PIPES; pH 8.0, 100 mM HEPES (N-(2hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)); pH 9.5, 100 mM CHES
(2-(cyclohexylamino)ethanesulfonic acid); pH 11, 100 mM CAPS (3(cyclohexylamino)-1-propanesulfonic acid)). Since prominent proton-induced
fluorescence turn-on is typically observed for fluorescent sensors relying on
PeT, lack of the proton-induced interferences of HNBO-DPA is of great
importance. This favorable feature is, however, in contrast to the case
observed in acetonitrile (Figures V-4b and d). According to the photophysical
mechanism (Scheme V-2), deprotonation of HNBO moiety should produce
fluorescence turn-on. These considerations may suggest that PeT is not solely
responsible for the zinc-induced fluorescence change in aqueous solutions. It
is speculated that non-radiative twisted intramolecular charge transfer (TICT)
occurs in the deprotonated form to suppress the fluorescence emission. TICT
deactivation of fluorescence emission was observed in protic solvents for
deprotonated form of ESIPT-active 2-(2′-hydroxyphenyl)benzimidazole90 and
its derivatives91. In addition, our DFT and TD-DFT calculations predict
dihedral distortion for the deprotonated state of HNBO-DPA, which suggests
TICT (Figure V-12c and d). TICT would be completely prohibited by zinc
coordination, producing fluorescence turn-on. The observation that neither
protonation to DPA (at low pH) nor deprotonation of naphthol (at high pH)
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affects fluorescence intensity of HNBO-DPA indicates a complementary
action of zinc ions. That is, fluorescence of the deprotonated species is
quenched by TICT at low pH, while non-radiative PeT occurs to quench the
emission at high pH. The overall effect is to offset their contribution, resulting
in weak fluorescence emission (Scheme V-4). This is in sharp contrast to the
zinc case, wherein zinc coordination promotes deprotonation, and suppresses
PeT and TICT.
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Scheme V-4. pH effect on the fluorescence of HNBO-DPA.
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O

Figure V-12. (a) pH titration of HNBO-DPA and its zinc complex. 10 µM
HNBO-DPA was dissolved in milli-Q water containing 100 mM KCl and pH
was adjusted by using KOH and HCl standard solutions. (b) Fluorescence zinc
(5 equiv) response of HNBO-DPA (10 µM) in various buffered solutions: pH
7.0, 100 mM PIPES; pH 8.0, 100 mM HEPES; pH 9.5, 100 mM CHES; pH 11,
100 mM CAPS. Calculated (B3LYP/6-31+G(d,p)) structures of (c) neutral and
(d) deprotonated forms of HNBO-DPA. Dihedral angles between benzoxazole
and naphthol planes are 2.48 ° and 24.70 ° for neutral and deprotonated forms,
respectively.
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V-3.8 Zinc Bio-Imaging
We have shown above the ability of HNBO-DPA in detecting zinc ions. To
evaluate in vivo zinc bioimaging utilities, HNBO-DPA (5 µM) was incubated
with live A549 (human lung carcinoma) and HeLa cells (human cervix
adenocarcinoma) that were supplied with exogenous zinc ions (5 µM) by
means of sodium pyrithione (5 µM) as a zinc carrier. It is found that while
cells incubated with HNBO-DPA alone display very weak background
fluorescence, zinc-treated cells exhibit strong fluorescence (Figure V-13). As
expected for a zinc-responsive sensor, incubation with a membrane-permeable
zinc ion chelator, TPEN (N,N,N′,N′-tetrakis(2-picolyl)ethylenediamine),92
reduces fluorescence intensity, indicating that the fluorescence signals are
consequence of the response to intracellular zinc ions. The results obtained
from cell experiments show that HNBO-DPA is cell-permeable and can
monitor intracellular zinc ions effectively.
Encouraged by the fluorescent imaging of intracellular zinc ions,
HNBO-DPA was applied to monitor intact zinc ions released from cells that
undergo apoptosis. It has been known that free zinc ions are released from
intracellular metalloproteins during apoptosis and can be detected with
fluorescent probes for zinc ions.93-95 A549 and HeLa cells were exposed to
H2O2 (100 µM)20 or apoptozole (10 µM)96 for 24 h, which are known to
induce apoptosis, and subsequently incubated with HNBO-DPA for 1 h. The
results of microscopic analysis show typical morphology of apoptotic cells,95
and display bright fluorescence signals (Figure V-14).
To confirm that fluorescence turn-on was due to response of HNBO199

DPA to released zinc ions, cells exposed to H2O2 (100 µM) or apoptozole (10
µM) for 24 h were treated with TPEN (50 µM) for 1 h before treatment with
the probe. Indeed, TPEN remarkably attenuates the bright HNBO-DPA
fluorescence (Figure IV-14), indicating that the probe detects free zinc ions
released during apoptosis.

Figure V-13. Detection of zinc ions in live mammalian cells with HNBO-DPA.
Fluorescence microscope images of (a) A549 and (b) HeLa cells. Cells were
incubated with 5 µM HNBO-DPA for 1 h in the absence (left) and presence
(middle) of 5 µM ZnCl2/sodium pyrithione (5 µM). Cells pretreated with 50
µM TPEN were incubated with 5 µM HNBO-DPA and 5 µM ZnCl2/sodium
pyrithione (right). Scale bars = 25 µm.
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Figure V-14. Detection of intracellular zinc ions released during apoptosis.
Fluorescence microscope images of (a) A549 and (b) HeLa cells. Upper
panels are bright field images. Lower panels are corresponding fluorescence
images. Cells were exposed to 100 µM H2O2 or 10 µM apoptozole for 24 h to
induce apoptosis. Then, cells were treated with 5 µM HNBO-DPA for 1 h to
detect endogenous zinc ions. Cells additionally treated with 50 µM TPEN are
shown. Scale bars correspond to 25 µm.
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Zebrafish have been widely used as an animal model to demonstrate
detection of a variety of biological ions and molecules using fluorescent
probes due to permeability to exogenously supplied compounds and
suitability to fluorescence microscopy.41,96-100 We therefore employed HNBODPA to trace the distribution of endogenous zinc ions in live zebrafish.
Zebrafish embryos were incubated with 5 µM HNBO-DPA at various time
points during early development. At 18 h post fertilization (hpf) of the embryo,
a green-spotted band was seen in the bottom of the venter (Figure V-15a).41,101
During development, the necklace-like green-spotted band was brighter and
moved to the top of the venter until 48 hpf (Figures V-15b and c). After 60 hpf,
scattered bright spots were distributed around the pericardial sac (Figures V15d and e). However, the treatment of 48 h-old zebrafish with 100 µM TPEN
resulted in the disappearance of the green spots (yellow boxes in Figures 15f
and g), suggesting that the green fluorescent band may result from
endogenous zinc pools in fish. This observation is quite similar with results
obtained previously.41,101 Abnormal developmental defects were not observed
in zebrafish treated with HNBO-DPA, showing that the zinc probe is
biologically orthogonal. Results obtained from animal studies demonstrate the
usefulness of HNBO-DPA for detecting biologically relevant ions in living
organisms.
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Figure V-15. Detection of endogenous zinc ions in zebrafish with HNBO-DPA.
Fluorescence microscope images of (a) 18 h, (b) 24 h, (c) 48 h , (d) 60 h, and
(e) 72 h-old zebrafish incubated with HNBO-DPA for 1 h: Top panels, bright
field images; bottom panels, fluorescence microscope images. Yellow boxes
show magnified images. Fluorescence microscope images of 48 h-old
zebrafish incubated with HNBO-DPA for 1 h in the absence (f) and presence
(g) of 100 μM TPEN. Scale bar = 250 µm.
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V-4 Conclusions
We have developed a novel fluorescent zinc sensor (HNBO-DPA) by
conjugating an ESIPT chromophore, 2-(2′-hydroxy-3′-naphthyl)benzoxazole
(HNBO), and a zinc-specific di(2-picolyl)amine (DPA) receptor through a
methylene bridge. Addition of zinc ions induces a strong fluorescence turn-on
without a spectral shift, which is not explained by the typical ESIPT scheme.
The fluorescence of HNBO-DPA is neither ESIPT K* emission nor normal
E* emission. Fluorescence measurements performed under basic conditions
establish that zinc coordination promotes deprotonation of the ESIPT group.
Nanosecond and femtosecond laser flash photolysis measurements for
HNBO-DPA identify zinc-modulated photoinduced electron transfer (PeT).
Cyclic voltammetry experiments further evidence occurrence of PeT, and
positive driving force (−∆GPeT = 1.54 eV) is calculated by the Rehm-Weller
equation. The fluorescence turn-on mechanism is therefore suppression of PeT,
which is strongly supported by DFT/TD-DFT calculations. In pH 7.0 buffers,
the probe displays a 44-fold fluorescence turn-on in response to zinc ions with
a Kd of 12 pM, which has been further examined by a fluorescence
competitive assay. The fluorescence response of the probe to zinc ions is
conserved over a broad range of pH due to the unique fluorescence response
mechanism of the probe. The probe is able to detect zinc ions among
biologically relevant metal ions, with particular selectivity to zinc over
divalent transition metal ions. In addition, intracellular zinc ions have been
successfully monitored in live mammalian cells. The zinc sensing utility has
been further extended to visualization of endogenous zinc ions released from
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cells that undergo apoptosis. Furthermore, HNBO-DPA allows for tracing
endogenous zinc-rich pools of zebrafish embryos during the early
development. The work described herein reports the unique fluorescence zinc
response of the ESIPT-based sensor. The novel photophysical mechanism has
been established and its bioimaging utility is proved to be excellent for the
detection of endogenous zinc ions.
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초

록 (Korean Abstract)

여기 상태 분자내 양성자 전이 (Excited-State Intramolecular Proton
Transfer, ESIPT) 현상은 일반적인 유기 형광체에서는 볼 수 없는 매
우 특이한 현상으로 이를 이용한 고형광성 유기체는 차세대 디스
플레이는 물론 조명 및 분자 영상과 바이오 이미징등의 응용 가능
성이 매우 크다. 본 연구에서는 2-(2’-hydroxyphenyl) azole기를 가지
는 고형광성 유기물인 HPI라 명명된 유기체를 기본으로 하여, 이에
매우 다양한 고기능성 치환체를 도입하여 그 광전자 특성을 조절
하고 구조-물성 상관관계를 수립하는 것을 목적으로 한다. 특히, 이
를 통하여 분자 픽셀, OLED, 형광 아연 센서등과 같은 실제 광전
자 응용에 있어서 돌파구를 제시할 수 있는 신개념의 분자를 설계
하고 개발하며 그 특성을 알아보는 것을 연구의 목표로 한다.
제 2장에서는 ESIPT 분자를 광전자 소재로써 응용하기 위
한 첫 단계로 아졸(azole)기를 포함하는 ESIPT 분자의 발광 스펙트
럼과 컬러를 조절하기 위한 연구를 진행하였다. 특히, π-공액 길이
조절과 치환체 도입의 두 가지 접근 방법을 통하여 전 가시광 영
역대 내에서 원하는 발광 스펙트럼을 구현할 수 있는 분자 설계
지침을 개발 하였다. 총 15개의 아졸기를 기반으로 한 ESIPT 분자
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를 설계, 합성 하였으며 그 광전자 특성을 분석하고 양자 화학적
방법에 따른 이론적 예측 토대 또한 수립하였다.
제 3장에서는 제 2장에서 개발한 아졸기를 포함한 ESIPT
분자를 토대로 하여, 적녹청(RGB)의 발광색을 갖는 ESIPT 소재를
이용한 신개념의 분자 픽셀 시스템을 구현하였다. 특히, 각각의 발
광분자가 분자 수준의 가까운 거리에서도 에너지 전이 현상 없이
독립적인 발광을 유지하는 것을 이용하여 CIE 1931 좌표계에서
RGB 색삼각형 내의 총천연색을 용액 상태는 물론 고분자 필름 상
태에서도 자유자재로 구현할 수 있음을 보였다. 더욱이 가법혼색
이론을 통해 원하는 색을 구현하기 위한 삼원색의 혼합비를 간단
히 구할 수 있음은 물론 실제 이를 손쉽게 구현해냄으로써 차세대
디스플레이와 분자영상에 이용할 수 있는 새로운 발광체군의 가능
성을 보였다
제 4장에서는 ESIPT를 이용한 효율적으로 발현되는 열활성
화 지연형광 현상(Thermally Activated Delayed Fluorescence, TADF)에
대한 연구를 진행하였다. 이를 위해 아졸기를 기반으로 하여 전자
주개(electron donor)와 전자 받개(electron acceptor)가 적절히 치환된
유도체군을 설계 및 합성하였다. 개발된 분자는 ESIPT에 의해 공
간적인 HOMO와 LUMO 분자 궤도 분리가 효과적으로 일어났으며
이로인하여 단일항과 삼중항 여기상태간의 에너지 차이가 매우 작
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아져 효과적인 TADF가 발현됨을 확인하였다.
제 5장에서는 2-(2′-hydroxy-3′-naphthyl)benzoxazole (HNBO)기
와 아연 이온을 선택적으로 수용할 수 있는 di(2-picolyl)amine (DPA)
기를 가지는 아연 이온 센서 분자를 개발하였다. 특히, 개발된 분
자는 pH에 상관없이 아연 이온에 선택적으로 형광 시그널이 매우
크게 증가하는 특징을 보였다. 본 연구에서는 이러한 특징적인 형
광 응답 특성을 가져오는 광물리 과정을 분석하고 그 원인과 기제
를 밝힘으로서 구조-물성 상관관계를 수립하였다. 더욱이, 체외(in
vitro) 및 체내(in vivo)에서 진행되는 실험을 통하여 개발된 아졸기
에 기반한 형광 아연 센서 분자가 실험체의 아연 이온 분포를 효
과적으로 검출하고 영상화 할 수 있음을 확인하였다.

주요어: 여기 상태 분자내 양성자 전이, 형광, 분자 픽셀, 열활성화
지연형광, 아연 이온 센서
학 번: 2006-20816
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