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General Introduction

4+ The m-conjugated system

The m-conjugated organic materials have been extensively employed to design and utilize for various
functional materials, including organic optoelectronic devices,' organic light-emitting diodes
(OLEDs),” organic thin film transistors (OFETs),’ organic solar cells,” sensing and imaging® owing to
their excellent luminescent properties, various structures, versatile modification, good photostability
and processability. The chemical structures of typical conjugated polymer building blocks were

illustrated in Scheme 1.

polyacetylene poly-p-phenylene poly-p-phenylenevinylene poly-p-phenyleneethynylene

polythiophene polypyrrole polyfluorene polythienylenevinylene
Scheme 1. Chemical structures of typical conjugated polymer building blocks.

4 The fluorene based 7-conjugated building blocks

As one of promising materials, fluorene based materials have attractive and advantageous properties
such as rigid and planar structures, easy modification through synthetic methods, thermal and oxidative
stability as well as high photoluminescence quantum yield.® Therefore, the m-conjugated system based
on fluorene building blocks is of great importance in various applications, such as organic electronic
and photonic devices, chemo- or bio-sensing, imaging, and supramolecular assembly.” Particularly, the
fluorene-based m-conjugated system with interesting and unique luminescent properties are wildly
investigated in optoelectronic devices® and bio-related sensing, imaging and labeling applications.’

Typical examples are illustrated in Scheme 2.
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Scheme 2. lllustration of fluorene-based materials utilized in chemo-sensing, bio-imaging,

supramolecular organization and organic semiconductors.

From the structural points of view, fluorene is a common polycyclic aromatic hydrocarbon with rigid
and planar structure and well known for intense fluorescence.'’ The decoupling provided by bonding
groups to fluorene’s 9-position is also noteworthy, as these groups are placed at 109° angles to the -
conjugated system comprising fluorene molecules (Figure 1).'" This allows solubility and aggregation
behavior of fluorene compounds to be modulated independently of their electronic properties. These
properties have been exploited extensively in many fluorene derivatives that have grown to be a major
field in organic electronic and photonics, exhibiting efficient polarized lighting emission,'> long-lasting
blue electroluminescence,”” impressive lasing gain,'* and promising performance in organic solar

cells.'
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Figure 1. (a) Schematic illustration of two most commonly used synthetic strategies to functionalize
the fluorene derivatives; (b) examples of extended building blocks based on fluorene s-conjugated

system.

The optical and electronic properties of fluorene-based materials are highly dependent on both the
chemical structures and supramolecular organization.'® Moreover, photophysical properties of T-
conjugated systems are generally known to be very sensitive to local environments. Fluorescence
phenomena that involve fluorescent resonance energy transfer, intra-/inter-molecular charge transfer,
intermolecular photon transfer, excimer/exciplex formation are highly affected by relative distance or
orientation of fluorophores, conformation of individual fluorophores and local environments. In this
thesis, our concern is to develop the new fluorene-based luminescent materials with unique properties

and interesting functionalities via control over the deactivation pathways.



4+ Control over the deactivation pathways toward developing the new luminescent materials
with unique properties and interesting functionalities

(a) Enhance the efficient intersystem crossing to generate metal-free room temperature

phosphorescence
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Figure 2. Schematic illustration of phosphorescence based on Jablonski energy diagram. (Sy: ground
state, S;: excited singlet state, T;: excited triplet state, IC: Internal Conversion, ISC: Intersystem
Crossing, LE: locally excited state, FC: Frank Condon, K,: non-radiative decay constant, Kj:

fluorescent decay constant, Kjc: internal conversion constant, Kigc: intersystem crossing constant)

Luminescence, the emission of light by electronically excited states of the molecules, can be formally
divided into two categories, namely, fluorescence and phosphorescence, according to the nature of the
excited states. In excited singlet state, the electron in the excited orbital is paired to the other electron in
the ground state orbital. Consequently, return to the ground state is spin-allowed and occurs rapidly by
emission of a photon, resulting in fluorescence. On the other hand, phosphorescence is emission of
light from excited triplet states, in which the electron in the excited orbital has the same spin
orientation as the ground state electron. Transition to the ground state is forbidden and the emission
rates are slow, so that phosphorescence lifetime is typical milliseconds to seconds (Figure 2). On the
other hand, different from rapidly radiative decay from singlet excited state yielding prompt

fluorescence, direct radiative decay from triplet excited state resulted in phosphorescence. Owing to



association with triplet state during the radiative decay process, phosphorescence possesses two
characteristic features that long photoluminescence lifetime, typically in the microsecond to
millisecond range, and easily quenched by di-oxygen.'” There is a great deal of interest in development
of phosphorescence materials, due to their potential applications in display, lasing, optical storage and
sensing because theoretically they could realize 100 % external electroluminescence efficiencies that is
three-fold higher than fluorescence alternatives.'® In general, there are two critical prerequisites for
facilitating phosphorescence: (1) spin-flipping from an excited singlet state to an excited triplet state
and (2) efficient radiative decay from the excited triplet state to the ground state compared with non-
radiative decays."” Accordingly, many efforts have been devoted to developing the materials that
undergo significant spin-orbital coupling to harvest triplet excitons through intersystem crossing.
However, the range of such materials has narrowed to include only organometallic complexes,
particularly platinum and iridium.*® The metal-free pure organic phosphorescence materials are still
limited, because the highly bonded nature of electrons in metal-free organic materials leaves them little
freedom and less impetus to emit from triplet state.”’ Therefore, metal-free pure organic phosphors
under practical conditions are highly desirable in order to compete with relatively high-cost and less
stable organometallic counterparts. Recently, metal-free pure organic materials exhibiting
phosphorescence have been reported in crystalline systems, probably attributable to aromatic carbonyls,
the heavy atom effect, and halogen bonding.*” In this materials design, these three prerequisites
presumedly promote spin-orbital coupling and suppress vibrational loss of excited triplet state at the
same time by strict order of the crystal structures. Although these findings are promising breakthroughs
for the development of metal-free phosphors under ambient conditions, there still reminds many
limitations, such as no phosphorescence observed in solution and high quality requirements for crystal
growth leading to difficulties in large-scale device fabrication and processing. Herein, chapter 1 of this
thesis described one novel and meaningful phenomenon that the metal-free pure organic fluorene
derivative bearing the bromide and aldehyde groups unexpectedly exhibited phosphorescence in
solution or within host matrix at room temperature. This fascinating serendipity makes it an ideal
complement to reported crystalline-induced phosphorescence system to furnish fundamental insight
into the development of metal-free pure organic phosphors under ambient conditions to compete with

organometallic counterparts that have been systematically investigated.



(b) White light emissive nanoparticle assisted by FRET towards polyanoinic sensing

In general, the strategies for tuning fluorescence emission spectra and emissive colors of m-conjugated
organic materials mainly focus on changing substituents or m-conjugated length® and controlling
molecular stacking modes or intra- and intermolecular interactions.** One outstanding method for fine-
tuning fluorescence emission spectra and colors is involvement of fluorescence resonance energy
transfer (FRET).”*’ FRET is a physical phenomenon occurring in natural photosynthetic systems
where excitation energy from an excited donor is non-radiatively transferred to a proximal ground-state
energy acceptor (donor and acceptor here refer to energy donor and energy acceptor) through long-

range dipole-dipole interaction (Figure 3).
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Figure 3. Schematic illustration of the process of fluorescence resonance energy transfer (FRET) based

wn
o

on Jablonski energy diagram. (Sy: ground state, S;: excited singlet state, LE: locally excited state, FC:
Frank Condon, K,,: non-radiative decay constant of energy donor, Ky: fluorescent decay constant of
energy donor, K ’,: non-radiative decay constant of energy acceptor, K ’n: fluorescent decay constant of

energy acceptor)

The efficiency of FRET is highly dependent on three factors: spatial distance, molecular orientation,
and the extent of spectra overlap of donors and acceptors.”®® In solution, the transition orientation of

molecule is random, thus orientation factor is approximated to be 2/3, which is an average of the values



for the donors and acceptors randomized through rotational diffusion prior to energy transfer.”> The
extent of spectral overlap integral between absorption of acceptor and emission of donor has been
considered to control the FRET in some donor-acceptor systems.’® Moreover, the spatial distance
dependence of FRET has been widely used as a “spectroscopic ruler” capable of measuring the donor-
to acceptor distance in the range of 20-100 A, and to study conformational distribution and dynamics
of bio-macromolecules. Therefore, much more attention has been paid into controlling the spatial
distance between donor and acceptor aiming at modulation of FRET.”” Among the various FRET-
controlled fluorescence color tuning systems explored so far, use of nanoparticle scaffolds
encapsulating acceptors are regarded as one fascinating method to ensure the spatial proximity of well-
defined donor-acceptor molecules and thus facilitate the highly efficient FRET.”® As a result, the
fluorescent organic nanoparticles derived from m-conjugated systems such as oligofluorene derivatives
as a donor scaffold for efficient FRET are crucial, which provides a simple and efficient strategy to
improve fluorescence efficiency and tune emission colors. Several methods are available for the
preparation of nanoparticle in water, of which reprecipitation is the most simple and commonly used
one, where a solution of oligomer or polymer dissolved in organic solvents, is rapidly injected into a
large excess of water under stirring.”” The size of resultant nanoparticle is dependent on the initial
concentration of the organic solution. Therefore, it is possible to tune the size of nanoparticles over a
wide range of diameters for various applications, for example, optimization of conditions to obtain
dispersions of nanoparticles around 100 nm in diameter with narrow size distributions is accessible if
biological applications are expected.'®® Moreover, nanoparticles typically show brightness and better
photostability than small organic fluorophores, because of the large numbers of chromophores per
particle.’®*® Additionally, nanoparticles, built from organic building blocks, show good dispersion in
water and can be surface-modified, thus allowing specific binding affinity towards various bio-related
materials in aqueous medium.’® This unique supramolecular design provides us an approach to
construct unprecedented RGB nanoparticle system with dual FRET feature in aqueous medium towards
practical bio-macromolecular detection or sensing with low detection limit and visibly sensitive

response.



(c) Unusual multicolor emissions from intramolecular charge transfer (ICT) molecules
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Figure 4. Schematic illustration of the process of intramolecular charge transfer (ICT) based on
Jablonski energy diagram. (So: ground state, S;: excited singlet state, LE: locally excited state, FC:

Frank Condon, K,;: non-radiative decay constant, Ky: fluorescent decay constant)

Intramolecular charge transfer (ICT) is a relatively common phenomenon in molecules that consist of a
D-A (D and A are defined as charge transfer electron donating or accepting groups rather than
excitation energy donors or acceptors), in which an electron transfer process that occurs upon photo-
excitation in molecules that usually consist of a donor and acceptor part linked by a single bond.*'
Charge transfer processes include the aforementioned excimer and exciplex formation, which are short-
lived excimer or exciplex of which at least one molecule is at the excited state. While the
aforementioned processes all reflect relative arrangements of fluorophores, fluorescence phenomena
governed by intramolecular charge transfer (ICT) involve interaction of an individual fluorophore.
ICT state returns to the ground state either through red-shifted emission or by nonradiative relaxation
(Figure 4). The emission properties are potentially environment-dependent, which makes ICT-based
fluorophores ideal sensors for solvents, viscosity, and chemical species. Recently, several ICT-based
materials have been discovered to become fluorescent upon aggregation. Furthermore, various recent
studies in organic optoelectronics, non-linear optics and solar energy conversions utilised the concept

of ICT to modulate the electronic-state mixing and coupling on charge transfer states. In polar



environments, such fluorophores undergo fast intramolecular electron transfer from the donor to the
acceptor part of the molecule. The equilibration between charge transfer state from the individual
entities showing red-shifted emission and locally excited state from the monomer’s emission results in
dual fluorescence from a high energy band through relaxation of the locally excited (LE) state and
from a lower energy band due to emission from the ICT state. Since the relaxation pathways can easily
be modulated by substituents, local polarity and steric restrictions, the ICT process can be exploited for
novel design strategies of functional molecules. Therefore, ICT fluorescence holds great promise in

applications such as OLEDs, chemo- sensors, and photovoltaic devices.

Herein, this thesis described several molecular design strategies to achieve fluorene-based
multifunctional materials aiming at exploring unique photo-physical properties and control over

supramolecular organizations of fluorene-based oligomers and polymers (Scheme 3).
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Scheme 3. Schematic illustration of fluorene-based m-conjugated system for photo- and electro-active

materials.

1) Enhance the Efficient Intersystem Crossing to Generate the Metal-free Room Temperature
Phosphorescence

In chapter 1, one unique phenomenon was discovered and discussed that a pure organic fluorene

derivative, 7-bromo-9,9-didodecylfluorene-2-carbaldehyde (Br—FL—CHO), exhibited phosphorescence

in both solution and film states at 298 K. In this molecular design, heavy atom effect is implemented by

the directly-linked bromo and formyl substituents may promote the intersystem crossing from the

single excited state to the triplet excited state. Furthermore, the rigidity of fluorene framework helps

suppress non-radiative process. The characteristic emission bands at 358 nm and 500 nm were

10



observed in degassed CHCl; at 298 K; the emission band at 500 nm completely quenched by dioxygen,
whereas the emission band at 358 nm remained constant. We confirmed that the emission at 500 nm
has neither significant solvent- nor concentration-dependent characteristics. The lifetimes monitored at
358 nm and 500 nm were determined to be 1.05 ns and 355 us, respectively; these results revealed that
the emission at 358 nm is attributed to fluorescence, whereas the emission at 500 nm was
phosphorescence. The absolute phosphorescence quantum yield was 5.9% at 298 K in degassed CHCl;
and enhanced up to 35% at 77 K in glass 2-methyl tetrahydrofuran. The TD-DFT calculations showed
a good agreement with the observed experimental results. This property makes this system versatile
because it can be embedded into any polymer matrixes; as a result, phosphorescence in film state
(PMMA matrix) was observed upon illumination of 254 nm and remained for several months even
exposure to air. This fascinating serendipity not only makes it an ideal complement to the reported
crystalline-induced phosphorescence systems to furnish fundamental insight into the development of
metal-free pure organic phosphors under ambient conditions, but also offers a great platform toward the
development of practical optoelectronic devices and dioxygen-sensors based on purely organic

phosphors under ambient conditions.

2) White Emission from RGB Trichromophoric Nanoparticle Assisted by Dual FRET: Highly
Sensitive Fluorogenic Response toward Polyanions
We designed the oligofluorene (OF), which was functionalized with 9,9’-dodecyl chains and N-
methylaminomethyl end groups. By reprecipitation method, the dodecyl-substituted OF typically
affords nanoparticles through self-assembly and the N-methylaminomethyl end groups would be
protonated in aqueous medium (pKa ~ 10.7), leading to the nanoparticles (OFN) with positive charge
on the surface. The intense blue emitting OFN can be utilized as a donor scaffold for fluorescence
resonance energy transfer (FRET) studies. In chapter 2, we describe a facile strategy to fabricate RGB
trichromophoric fluorescent OFN in aqueous medium where two distinct FRET events occur through
spatial organization of a donor scaffold and two acceptor molecules. Consequently, the blue emitting
cationic OFN acted as an energy donor scaffold to undergo FRET to the red emitting dye embedded in
the nanoparticle (interior FRET) and to the green emitting dye adsorbed on the surface through
electrostatic interaction (exterior FRET). Each FRET event occurs independently and is free from
sequential FRET, thus dual FRET (in combination of interior and exterior FRET) system was
constructed, exhibiting multicolor emission including white in aqueous solution and film state. We also

demonstrated that the cationic trichromophoric OFN acts as a highly sensitive ratiometric and

11



colorimetric sensor toward polyanionic species. In particular, a white emissive nanoparticle, which has
low background in terms of colorfulness, is beneficial for sensing anionic species, exhibiting the
remarkable emission color changes in a ratiometric manner. As a result, the characteristic white
emissive nanoparticle showed perceived visible response upon perturbation of the exterior FRET
efficiency by the acceptor displacement, leading to highly sensitive response toward various poly-
anions. Specifically, our system exhibits high sensitivity toward heparin amoung other anionic analytes

with extremely low detection limit.

3) Multicolour Emissions in Solution and Polymer Matrix with Unusual Solvatochromic
Behavior Driven by Solvent Dependent Fluorescent Channel Switching
The indenofluorenedione building block with extension of m-conjugation lengths compared with
fluorenone, has electron—accepting ability with rigid and planar aromatic configuration, the lowest
excited n-7* and 7-7* states of which are lying very close to each other in non-polar solvents, and the
character of the lowest excited state becomes 7-7* transition dominantly in polar solvents. In chapter
3, we describe the unusual solvatochromic behavior from new indenofluorenedione bearing D—A-D
framework (IFO), which is based on indenofluorenedione core as an electron-accepting unit,
dialkyloxy phenyl groups as weak electron donating species. Typically, a fluorescent band at 436 nm
was observed in DMF attributable to the transition from locally excited state (LE), while two emission
peaks at 530 nm and 610 nm were observed in p-xylene. We inferred that in non-polar solvents, the
lowest excited state is n-7* forbidden transition. Consequently, excited deactivation pathway of IFO is
actively switched onto the CT channels (including intra and inter molecular charge transfers), leading
to the low-energy fluorescence with solvent-dependent characteristics. Interestingly, the character of
the lowest excited state of IFO changed to allowed 7z-7* transition in polar medium. In this case, the
CT band was not as favorably active as in non-polar solvents probably due to electron donating ability
of dialkyloxy phenyl groups. Instead, the LE with z-7* character played a major role in excited-state
deactivation mechanism. The dual fluorescent channels namely the LE and CT states can be
controllably switched on and off by changing solvent, resulting in environmental polarity sensitive
multi-luminescence. This unusual solvatochromic behavior enables us to generate white emission in
DMF with p-xylene binary solvent mixtures. Furthermore, a single organic emitter, IFO, showed high
sensitivity towards micro-environmental polarity even embedded in the polymer matrix and have

visible discrimination of polar solvents from common organic solvents.
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Chapter 1
Phosphorescence Emission from Pure Organic Fluorene
Derivative in Solution at Room Temperature
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Abstract

Metal free pure organic compound, a fluorene derivative bearing bromo and formyl groups, 7-bromo-9,9-
didodecylfluorene-2-carbaldehyde (Br-FL-CHO), unanticipatedly exhibited phosphorescence emission in
solution and film states at room temperature. The phosphorescence lifetime was determined to be as long as
355 us. The absolute phosphorescence quantum yield reached to 5.9% in chroloform at 298 K and
enhanced up to 35% in glass 2-methyl tetrahydrofrane (2-MeTHF) at 77 K. The phosphorescence emission
was observed for over five days even under air at 298 K when embedded in poly(methyl methacrylate)
matrix. The time-dependent density functional theory (TD-DFT) calculation was performed to elucidate the

plasusible mechanism of this phenomenon further, which is consistent with experimental results.

Introduction

Recent advance in luminescent materials using pure organic compounds have provided low-cost,
casily-handled and thermally stable platforms for optoelectronic devices,' chemosensors,” or
photoresponsive switches.” Fluorene and its derivatives are one of the most attractive planar 7-
conjugated compounds which exhibit excellent fluorescent and electrical properties.” Polyfluorenes
and fluorene-based copolymers have been used as fluorescent chromophores in organic light-
emitting diodes and dye-sensitized solar cells.’

On the other hand, materials that show phosphorescence and delayed fluorescence via reverse
intersystem crossing (ISC) from the triplet excited state have attracted much attention, because
electro-luminescence efficiency of these materials is 100% in principle, which is four times larger
than that of conventional fluorophores (25%).>” Coordination complexes containing transition
metals such as Pt and Ir have so far been extensively investigated for use as phosphorescent
materials.>®® Although many efforts have also been devoted to develop pure organic phosphors
toward practical applications,” most of the phosphorescence emission of pure organic compounds
are observed under specific conditions (e.g., in crystals and in solid states at 77 K),'° which
hampers the development of prospective phosphorescent materials. Hence, there is a strong
incentive to look for metal-free organic phosphorescent materials in solution or in host maxtrix
under ambient conditions. We report herein that a versatile fluorene derivative, 7-bromo-9,9-
didodecylfluorene-2-carbaldehyde (Br—FL—-CHOQ), exhibits phosphorescence under ambient
conditions: in solutions and doped films at room temperature. It has been demonstrated that

aromatic carbonyls exhibited a degree of spin-orbit coupling through intersystem crossing, giving
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rise to triplet generation.”® The bromine that affords heavy atom effect strongly induces singlet-
triplet conversion by enhancing spin-orbit coupling. Moreover, the rigid framework of fluorene
serves to lower internal conversion as well as restrict vibrational loss of excited triplet state,
making triplet emission active.’®

In this chapter, a series of fluorene derivatives were synthesized and characterized (Schemes 1-1
and 1-2) to compare the effect of substituents on photophysical properties.'' The chacterastic
features of phosphorescence were observed and confirmed in organic solvents at 298 K by the
means of emission spectroscopy as well as the time-revoled photoluminescence study under Ar
atmosphere. The quantum chemical calculation results were found to be in accordance with
experimental results. We further investigated emission behaviors of the fluorene derivatives

incorporated in films of poly(methyl methacrylate), PMMA, whose oxygen permeability is

relatively low at room temperature.'”

3D A

Ha5C12” Cy2Has Ha5C12” Cy2Hos
FL Br-FL-Br
Br O‘Q CHO OHC O‘Q CHO
Hy5C12” "Cy2Has Ha5C12~ Cy2Has
Br-FL-CHO CHO-FL-CHO

Scheme 1-1. Structures of FL, Br—FL-Br, Br—FL-CHO, CHO-FL-CHO under study.
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I-FL-CHO Br-di-FL-CHO

Scheme 1-2. Structures of -IFL-CHO and Br-di-FL-CHO for comparison.



Results and discussions

UV-Vis absorption spectra of fluorene derivatives (FL, Br-FL-Br, Br—-FL-CHO, CHO-FL-
CHO) were measured in chloroform (CHCls) and shown in Figure 1-1. The lowest energy
absorption bands of all fluorene derivatives in CHCI; are assigned to 7-7* transition, which are

. . . . 1
consistent with other fluorene derivatives. ">
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Figure 1-1. Normalized UV—-vis absorption spectra of (a) FL, (b) Br—FL-Br, (c) Br—-FL-CHO,

(d) CHO-FL-CHO at 4 x 10° M in CHCl; at 298 K.

Figure 1-2 showed emission spectra of fluorene derivatives (FL, Br—-FL-Br, Br—FL-CHO, CHO-
FL-CHO) measured in CHCI; under air (dash black) and argon (Ar) atmospheres (red line) at 298
K. Compared with the emission spectra observed under air, no additonal peaks observed under Ar
in emission spectra for FL, Br-FL-Br and CHO-FL—-CHO as shown in Figure 1-2. On the
contrary, the characteristic dual emission bands at 358 nm and 500 nm for Br—FL-CHO were

observed under Ar as shown in Figure 1-2c. Interestingly, the emission band at 500 nm completely

20



disappeared in the presence of dioxygen (red line in Figure 1-2c). In contrast, the emission at 358

nm remained constant both under air and Ar.
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Figure 1-2. Normalized fluoresence spectra of (a) FL, (b) Br-FL-Br, (¢) Br—-FL-CHO, (d)

CHO-FL-CHO at 4 x 10° M under air (dash black) and Ar (red line) in CHCI; at 298 K.

Excitation wavelength is 280 nm for FL; 300 nm for Br—-FL-Br, Br—FL-CHO and CHO-FL-

CHO.

Simultaneously, the emission color change of Br—-FL-CHO from blue to green was observed

under air and Ar in CHCIl; as shown in Figure 1-3. Such color change occurs immediately and

completely reversible by exposure to air and bubbling of Ar gas.

21



9 y
| "

298 K Ar-purged 298K aerated

A d

+.0,

Figure 1-3. Photographs of Br—FL-CHO with Ar purged (left) and under air (right) in CHCl;

Figure 1-4 showed that the excitation spectrum of Br—FL-CHO monitered at 500 nm is identical
to that of UV-Vis spectrum. This result suggests that 500 nm emission is from Br—FL-CHO, not

from any inpurities leading to additional emission peaks.
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Figure 1-4. UV-Vis absorption (black line) and excitation spectra (red dash) of Br—FL-CHO at 4
% 10~ M in CHCI; at 298K. (Amoni = 500 nm)

Moreover, the emission spectra of Br—FL—-CHO were also measured in various organic solvents
with different polarities as shown in Figure 1-5. The results showed that the emission band at 500
nm was always observed without additional peak or peak shift regardless of the solvent polarity,

indicating that the possibilites of emission from the charge tranfer state which has significant

sovlent dependence, can be ruled out.
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Figure 1-5. Normalized fluoresence spectra of Br—FL-CHO in (a) Hexene, (b) DMF, (c) DMSO
under air (dash black) and under Ar (red line) at 298 K. (Aex = 300 nm)

The time-revoled photoluminescence study was investigated. The decay at 500 nm obeys mono-
exponential function with an emission lifetime of 355 us, as shown in Figure 1-6b. The lifetime of
phosphorescence emission is usually much longer than that of fluorescence as the result of a spin-
forbidden radiative process.”® The emission at 358 nm for Br—FL—CHO decays with an emission
lifetime 1.05 ns (Figure 1-6a). These results suggest that exicted singlet state rapidly decays by

intersystem crossing with a rate constant estimated to be about 9.5 x 10* S™' to the excited triplet
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state, which is two orders of magnitude faster than prompt fluorescence with a approximate rate
constant of 4.3 x 10° S™', resulting in additional emission peak at 500 nm abserved under Ar.

Based on these observations above, we thus assign the emission at 358 nm to fluorescence,
whereas the emission at 500 nm is attribute to phosphorescence which was completely quenched in

the presence of dioxygen and undergoes much longer lifetime of 355 us.
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Figure 1-6. Emission lifetime of Br—FL-CHO (a) excited at 330 nm, monitored at 370 nm under
air in CHCl; at 298 K and (b) excited at 300 nm, monitored at 500 nm under Ar in CHCIl; at 298 K.

In order to investigate the origin of phosphorescence of Br—FL-CHO (halogen-bonding induced or
monomeric property), the concentration dependence of UV-Vis absorption and emission spetra of
Br-FL—-CHO were also studied (Figure 1-7). We found that the absorbance increased linerly with
increasing concentrations, suggesting no tendency of aggregation (Figure 1-7a). Furthermore, the
intensity of phosphorescence emission at 500 nm was found to be proportional to the
corresponding concentration in CHCl; ranging from 10°® M to 10~ M as shown in Figures 1-7b
and 1-7c. Quenching of fluorensence intensity due to relatively high concentrations is usually
inevitable. Therefore, concentration dependent '"H NMR was complementally invesitigated for high
concentrated chroloform solutions of Br—FL—CHO (10* M to 10> M) as shown in Figures 1-8a
and 1-8b. The results showed that no obvious signal shifts in 7.5-10.2 ppm range even when the
solution was two orders of magnitude concentrated (from 10* M to 10 M). Foregoing
observations indicated that phosphorescence emission originates from monomeric Br—FL-CHO
species, rather than from aggregation of Br—FL-CHO. Therefore, halogen-bonding is not

indispensable under experimental conditions for Br-FL-CHO to achieve room temperature
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phosphorescence, which is distinct from the case recently published results.'*
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Figure 1-7. Concentration dependence of (a) UV-vis absorption, (b) fluorescence spectrum and (c)

phosphorescence intensity at 500 nm for Br—FL-CHO measured under Ar in CHClj; at 298 K. (Aex
=300 nm).
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Figure 1-8. Concentration dependence of "H NMR for Br—FL-CHO with concentration of (a) 10~
M, (b) 10* M, in CDCl; at 298 K.

The absolute phosphorescence quatumn yield of Br—-FL-CHO was calculated to be 5.9% in
chroloform at 298 K. The phosphorescence emission intensity at 500 nm was enhanced with
absolute phosphorescent quatumn yield as high as 35% in deaerated glass 2-methyl tetrahydrofrane
(2-MeTHF) at 77 K as shown in Figure 1-9. The observation of strong phosphorescence at 77 K
results from depression of nonradiative deactivation process from the triplet excited state (T;) to

the ground state of Br—FL-CHO.

26



Intensity, a.u.

350 400 450 500 550 600 650 700

Wavelength, nm

Figure 1-9. Phosphorescence spectrum of Br—FL—CHO in 2-Me-THF at 77 K.(Aex = 300 nm)

Photophysical properties of all fluorene derivatives (FL, Br—FL-Br, Br—FL-CHO and CHO-FL—-
CHO) are summarized and shown in Table 1-1. On the contrary to the case of Br—FL-CHO, no
characteristic phosphorescence emission but only fluorescence emissions were observed for the
other fluorene derivatives in CHCl; under Ar. These results indicated that the combination of the

bromo and the formyl groups plays important roles to exhibit room temperature phosphorescence.

Table 1-1. Photophysical data of fluorene derivatives in CHCI; at 298 K under air.

Aaps[nm] Aem [nm] 7 [ns]” D; (%)
(loge)
FL 282 (4.3) 318 0.48 3.2
Br-FL-CHO 332 (4.6) 358, 500° 1.05 0.5
Br-FL-Br 282 (4.6) 320 0.38 0.5
CHO-FL-CHO 344 (4.6) 432 1.18 0.2

“Observed only under Ar atomosphere. "Excited at 280 nm and monitered at emission

maxmum. “Absolute fluorescence quantum yield determined under Air.
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For the comparison, we also designed and synthesized I-FL-CHO, in which the iodine is acting as
the heavy atom instead of bromide. The same experimental conditions were used to invesigate the
possiblity for the generation of room temperature phosphorescence. The introduction of iodine in
replacement of bromine turned out to be failure to facilitate phosphoresence in solution at room
temperature. As shown in the Figure 1-10, the absorption spectra of I-FL-CHO was identical to
that of Br—FL—CHO, indicating that heavy atom did not greatly contribute to the electronic ground
state. However, no additional emission peaks appeared when measured under Ar, indicating that I-
FL-CHO did not exhibit phosphorescence. Although the idoine acting as a heavy atom is
theorically responsible for enhancing intersystem crossing from excited single state into excited
triplet state, it could presumedly introduce addtional fast chemical deactivation pathways as well,

leading to quenching of phosphoresence at 298 K.
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Figure 1-10. Normalized (a) UV-vis absorption and (b) fluoresence spectra of [-FL-CHO in
CHCl; at 298 K under air (dash black) and under Ar (red line). (Aex = 332 nm)

It is possible to modify and improve the macrosopic emission characteristics such as emission
colour and photoluminescence quantum yield by controlling the m-conjugated length. Accordingly,
we designed and synthesized 2-aldehyde-8-bromo-6,12-dihydro-6,6,12,12-tetroctyl-indeno [1,2-b]
fluorene (Br-di-FL—CHO). The Br-di-FL-CHO displays extended n-conjugated plannar
structure. As a result, enhanced photoluminesence quantum yield and emission feature change
could be expected, which is beneficial from lowering internal conversion as well as restrict
vibrational loss of excited state. The preliminary results of UV-Vis absorption and fluorescence
spetra of Br—di-FL-CHO were presented in Figure 1-11. We found that Br—di-FL-CHO showed

characteristic fluorescence properties without the generation of phosphorescence. This result
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indicated that combination of bromo and aldehyde as well as the conjugated length is indispensable

to facilitate phosphoresence in solution at room temperature.

(a) (b)
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Figure 1-11. Normalized (a) UV-vis absorption and (b) fluoresence spectra of Br-di-FL-CHO in
CHCl; at 298 K under air (dash black) and under Ar (red line). (Aex = 332 nm)

In order to gain deeper insight into mechanism of this novel and unanticipated phenomenon, the
time-dependent density functional theory (TD-DFT) based on B3LYP/6-31G* basis set calculation
has been performed at respective optimized Sy ground state, S; excited singlet state and T;, T,
excited triplet state geometries of Br—FL-CHO as shown in Figure 1-12a. The identical
calculations were conducted for CHO-FL—CHO for comparisons. Involvement of unusual
intersystem crossing from singlet excited state into triplet excited state is indispensible for
occurrence of phosphorescence. In most of cases, the singlet and tripet transition is forbidden
without spin-orbit coupling (SOC), because the electric dipole moment is independent of an
electron spin.”® But SOC is allowed between states of different symmetries and electronic
configurations according to El-Sayed’ rule.'** The results presented that S; and T, of Br—FL-CHO
are assigned to '(n, 7*) and *(m, 7*) respectively as shown in Figure 1-12a and Table 1-2.
Consequently, the different symmetries and electronic configurations between S; and T, make SOC
between them theoretically achievable; transition from T, *(z, 7*) to T, *(n, 7*) through internal
conversion was followed by radiative decay from T; *(n, 7*) to S, ground state, resulting in
detectable phosphorescence under ambient conditions. What is the reason for this luminesecent
behavior instead of phosphorescence quenching at 298 K? We infer that, relatively less
possibilities for occurrence of internal conversion between T; *(n, 77*) and ground state (So) is
attributed to small vibrational overlap integral.'*® Therefore, non-radiative deactivation from T; *(n,

29



7*) to ground state was inhibited to some extents and in turn radiative decay was predominate. It
has been successfully demonstrated that the TD-DFT quantum chemistry calculation results are
well in accordance with the experimental results. The efficency of intersystem crossing of CHO-
FL-CHO from excited singlet state into triplet stae is relatively low, due to the same configuration
between them, which accounts for no observation of phosphoresecence under experimental

conditions.

LUMO

HOMO HOMO

HOMO-1 HOMO-1

Br-FL-CHO CHO-FL-CHO
Figure 1-12. Diagrams of the molecular orbitals of Br—-FL-CHO (left) and CHO-FL-CHO
(right).
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Table 1-2. Calculated excited state of Br—FL—-CHO and CHO-FL—-CHO by TD-DFT calculation.

Compound State Transition E/nm (eV) Configuration

S HOMO - LUMO 345 (3.59) (n, m*)

S> HOMO - LUMO+1 316 (3.92) (7, )

Br-FL-CHO T, HOMO = LUMO 464 (2.67) (n, )
T, HOMO - LUMO+1 404 (3.07) (7, )

S HOMO - LUMO 355 (3.49) (n, m*)

S> HOMO-1 - LUMO 352 (3.52) (n, m*)

CHO-FL-CHO T, HOMO > LUMO 488 (2.54) (n, 7*)
T, HOMO-1 - LUMO 412 (3.01) (n, m*)
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Based on TD-DFT calculations, the plausible mechanism of this phenomenon is elucidated as

shown in Figure 1-13.
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Figure 1-13. (a) Sketch of the potential energy surfaces and vertical transition energies for S;, T
and T, states of Br—FL—CHO. (b) Modified Jablonski diagram based on TD-DFT calculation,
illustrating plausible mechanism for observation of phosphoresence under experimental conditions.

(ISC: Intersystem Crossing, IC: Internal Conversion)

It is of great importance to achieve phosphorescence in various common organic solutions at room
temperature. This novel property makes this system more versatile and practical because it can be
embedded into any polymer matrixs to make a fabrication of film easily by solution processing.
This time we chose PMMA as polymer matrix due to its relatively low permeability of oxygen.'?
Films of Br—FL—CHO and FL doped in PMMA were fabricated by drop-casting of CHCl; solution
containing the corresponding fluorene derivatives and PMMA (5 wt%) onto the surface of quartz
cell. The corresponding emission spectra and photoimage of PMMA films of Br—FL-CHO and FL
are shown in Figure 1-14. The emission maximum at 500 nm of Br—-FL-CHO-doped PMMA film
corresponds perfectly to the phosphorescence emission in organic solvents. In addition, the Br-

FL-CHO-doped PMMA film displays green emission upon illumination of 254 nm, whereas blue
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emission was observed for FL-doped PMMA film. Surprisingly, the PMMA film of Br—-FL-CHO

showed emission at 500 nm for over five days even under air, as shown in Figure 1-14.
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Figure 1-14. Fluorescence spectra of PMMA films of (a) Br—FL-CHO (red line: just after
fablicating the film, black dash: after 5 days) and (b) FL at 298 K. The excitation wavelengths are
33



300 nm and 280 nm, respectively. (c) Photographic image of PMMA-based Br—-FL-CHO (left)
and FL (right) upon UV-light irradiation at 254 nm under air at 298 K.

This result suggests that Br—FL—CHO inside the PMMA matrix is molecularly dispersed and
shielded from dioxygen to exhibit phosphorescence emission at 500 nm as well as fluorescence
emission at 358 nm. Low permeability of dioxygen in PMMA film assists the efficient

phosphorescence emission of Br—FL-CHO even under air.

Conclusions

In conclusion, the well-known fluorescent material surprised us with novel and unanticipated
phenomenon that a pure organic fluorene derivative bearing bromo and formyl groups exhibited
phosphorescence emission in solution at room temperature. The Br—FL-CHO-doped PMMA film
also showed phosphorescence emission for several days at room temperature even upon exposure
to dioxygen. We believe that this unanticipatedly new finding will surely offer a great platform
toward the development of practical optoelectronic devices and dioxygen-sensors based on purely

organic phosphors under ambient conditions.
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Experimental Sections

Chemicals and Reagents.

All chemicals were purchased from Aldrich, Kanto Chemicals, TCI or Wako and used as received.
Chloroform (CHCI;), anhydrous Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), 2-
MeTHF and hexane spectroscopic grade (Wako Pure Chemical Industries, Ltd.) were used for

analysis. Fluorene derivatives were synthesized according to the literature procedures.''

Instrumentation.

"H NMR spectra were recorded on a Biospin DRX-600 spectrometer (600 MHz); chemical shifts
are expressed in ppm relative to TMS (0 ppm). UV-Vis absorption spectra, fluorescence spectra
were obtained on a Hitachi U-2900 spectrophotometer and Hitachi F-7000 spectrophotometer,
respectively. Absolute fluorescence and phosphorescence quantum yields were obtained on a
Hamamatsu Photonics, Absolute PL Quantum Yield Measurement System, C9920-02G. The
fluorescence and phosphorescence lifetimes of the fluorene derivatives were measured by a Horiba
FluoroCube time-correlated single-photon-counting (TCSPC) system equipped with a pulse laser.

The decay profile simulations were performed by a nonlinear least-squares method.

Synthesis of 9,9-didodecylfluorene-2,7-dicarbaldehyde (CHO-FL-CHO).

O Q To a stirred solution of 2,7-Dibromo-9,9-didodecylfluorene (5 g, 7.6
OHC . CHO mmol) in anhydrous ether (50 mL) at —78 °C, 2.5 M n-BuLi solution

H25C12" "Ci2Has in hexane (7.6 mL, 19.0 mmol) was added dropwise under argon
atmosphere and continued stirring for 30 min. Then the reaction mixture was warmed to room
temperature and kept stirring for another 30 min. It was cooled again to —78 °C, following by
addition of DMF (2.1 mL, 27.1 mmol) to room temperature gradually. Aqueous HCI solution (2 M,
80 mL) was added and continued stirring for another 2 h. The reaction mixture was extracted with
ether and washed with water and brine. The organic extracts were dried over anhydrous Na,SO,.
The solvent was evaporated under reduced pressure to give white solid. Yield: 83%; 'H NMR (600
MHz, CDCls): 6 [ppm] 0.53-0.57 (m, 4H), 0.86 (t, /= 7.2 Hz, 6H), 1.02-1.31 (m, 36H), 2.05-2.11

(m, 4H), 7.90-7.94 (m, 6H), 10.10 (s, 2H).
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Synthesis of 2,7-Diodo-9,9-didodecylfluorene (I-FL-I).

To a solution of 9,9-didodecylfluorene (3 g, 6.1 mmol), iodine (1.13 g, 4.43
LS~

mol), iodic acid (0.5 g, 2.85 mmol), concentrated sulfuric acid (1 mL) and
Ha5C12” CiaHas carbon tetrachloride ( 2 mL) in acetic acid (8 mL) was warmed to 80 °C for
5 h. The resulting precipitate was filtered and dissolved in dichloromethane; the solution was then
washed with aqueous sudium thiosulfate (0.1 M), dried over Na,SO4 and evaporated to dryness to
yield a white power (3.2 g, 70%), which gave, by recrystallisation from ethyl acetate. 'H NMR
(600 MHz, CDCl3): 6 [ppm] 0.53-0.57 (m, 4H), 0.89 (t, J= 12 Hz, 6H), 1.03—1.28 (m, 36H), 1.87—

1.96 (m, 4H), 7.25-7.43 (m, 3H), 7.64-7.69 (m, 3H).

Synthesis of 7-iod0-9,9-didodecylfluorene-2-carbaldehyde (I-FL-CHO).

0 Q cHO To a stirred solution of 2,7-Diodo-9,9-didodecylfluorene (1g, 1.33
| H
. mmol) in anhydrous ether (mL) at —78 °C, 2.5 M r-BuLi solution in

HasCif Crabls hexane (0.66 mL, 1.66 mmol) was added dropwise under argon
atmosphere and continued stirring for 30 min. Then the reaction mixture was warmed to room
temperature and kept stirring for another 30 min. It was cooled again to —78 °C, following by
addition of DMF (0.26 mL, 3.3 mmol) to room temperature gradually. Aqueous HCI solution (2 M,
8 mL) was added and continued stirring for another 2 h. The reaction mixture was extracted with
ether and washed with water and brine. The organic extracts were dried over anhydrous Na,SOs.
The solvent was evaporated under reduced pressure to give white solid. Yield: 35%; 'H NMR (600
MHz, CDCls): 6 [ppm] 0.56-0.59 (m, 4H), 0.85-0.89 (m, 6H), 1.02—1.13 (m, 36H), 1.56-2.03 (m,

4H), 7.38-7.40 (m, 3H), 7.83-7.87 (m, 3H), 10.06 (s, 1H).

Synthesis of 2-aldehyde-8-bromo-6,12-dihydro-6,6,12,12-tetroctyl-indeno|[1,2-b] fluorene (Br—di-
FL-CHO).

To a stirred solution of 2,8-Dibromo-6,12-dihydro-6,6,12,12-
CHO tetraoctyl-indeno [1,2-b] fluorene (50 mg, 0.058 mmol) in
anhydrous ether (1 mL) at —78 °C, 0.25 M n-BuLi solution in

hexane (1.6 mL, 0.638 mmol) was added dropwise under argon atmosphere and continued stirring
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for 30 min. Then the reaction mixture was warmed to room temperature and kept stirring for
another 30 min. It was cooled again to —78 °C, following by addition of DMF (1.12 mL, 14.47
mmol) to room temperature gradually. Aqueous HCI solution (2 M, 2 mL) was added and
continued stirring for another 2 h. The reaction mixture was extracted with ether and washed with
water and brine. The organic extracts were dried over anhydrous Na,SO4. The solvent was
evaporated under reduced pressure to give white solid. Yield: 62%; 'H NMR (600 MHz, CD,Cl,):
o [ppm] 0.57-0.59 (m, 8H), 0.74-0.79 (m, 12H), 1.02-1.12 (m, 40H), 1.97-2.12 (m, 8H), 7.44—
7.50 (m, 2H), 7.62-7.64 (d, J= 7.2 Hz, 1H), 7.67 (s, 1H), 7.72 (s, 1H), 7.82-7.89 (m, 3H), 10.02 (s,
1H).

Theoretical Calculation.
The time dependent density functional theory (TD-DFT) calculations based on geometry
optimization was carried out using the Becke 3LYP functional and 3-21G(*) basis set with the

Gaussian 03 program, revision.

Preparation of Fluorene-Doped Films.
The fluorene derivatives (5 mmol) and PMMA (500 mg) were dissolved in 10 mL of CHCI;, and
the film was prepared by drop-casting the solution onto the surface of quartz cell. The transparent

PMMA films of the fluorene derivatives were obtained by slow evaporation of CHCls.
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Chapter 2.
RGB Trichromophoric Nanoparticle with Dual FRET: Highly
Sensitive Fluorogenic Response toward Polyanions
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Abstract

A red-green-blue (RGB) trichromophoric fluorescent organic nanoparticle exhibiting multicolor
emission was constructed; the blue emitting cationic oligofluorene nanoparticle acted as an energy
donor scaffold to undergo FRET to the red emitting dye embedded in the nanoparticle (interior FRET)
and to the green emitting dye adsorbed on the surface through electrostatic interaction (exterior FRET).
Each FRET event occurs independently and is free from sequential FRET, thus the resultant dual FRET
system exhibits multicolor emission including white in aqueous solution and film state. A characteristic
white emissive nanoparticle showed perceived visible response upon perturbation of the exterior FRET
efficiency by the acceptor displacement, leading to highly sensitive response toward polyanions in a
ratiometric manner. Specifically, our system exhibits high sensitivity toward heparin with extremely

low detection limit.

Introduction

Multichromophoric luminescent assemblies have found widespread use in biological, polymeric, and
sensory materials chemistry, exhibiting multiple emissions to generate perceived colors for lightning,
imaging, sensing, and so forth." An efficient strategy for tuning emissions from multichromophoric
assemblies is use of fluorescence resonance energy transfer (FRET) among chromophores, which has
extensively been investigated in organogel,” nanofiber,’ nanoparticle,” supramolecular polymer,” and so
forth.° Among them, fluorescent organic nanoparticles have recently been regarded as a powerful
platform for spatial control over the molecular organization of energy donor/acceptor constituents.”
The advantages of such fluorescent organic nanoparticle systems are the relatively high fluorescent
quantum yield, the capability of surface modification and incorporation of additives, and the potential
use as light-harvesting antennas exhibiting effective exciton or energy migration among constituents. It
thus occurred to us that if one can construct a multichromophoric system based on a fluorescent
organic nanoparticle scaffold (energy donor) with one energy acceptor within the nanoparticle and the
other on the surface, the multiple emissions would be readily possible by regulating dual signaling
pathways without interfering each other. Such a “dual FRET” system should be sensitive to
perturbations of either signaling pathway induced by an analyte, giving rise to highly sensitive sensory
system with color changes.We herein describe a facile strategy to fabricate red-green-blue (RGB)

trichromophoric fluorescent nanoparticles in aqueous medium where two distinct FRET events occur
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through spatial-organization of a donor scaffold and two acceptor molecules for exhibiting multicolor
emission in the whole visible range. We also demonstrate that the cationic trichromophoric
nanoparticle suspension acts as a highly sensitive ratiometric and colorimetric sensor toward
polyanionic species. In particular, a white emissive nanoparticle, which has low background in terms of
colorfulness,'® is beneficial for sensing an anionic polysaccharide, heparin, exhibiting the remarkable
emission color changes and low detection limit comparable or even superior to a conventional heparin

binder, hexadimethrine bromide, under the conditions we used here.

Results and discussions

To construct the RGB trichromophoric assembled nanoparticle system, we chose a blue emitting
cationic oligofluorene (OF) acting as an energy donor nanoparticle scaffold, a red emitting neutral dye
4-(dicyanomethylene)-2-methyl-6-(4-dimethylamino-styryl)-4H-pyran (DCM) encapsulated within the
nanoparticle for interior FRET, and a green emitting anionic dye perylene-3,4,9,10-tetracarboxylate
tetrapotassium salt (PS) adsorbed on the nanoparticle for exterior FRET. The chemcial structures of

OF, DCM and PS were shown in Scheme 2-1.

H25C12,  Ci2Has

A~y s

HysCq2~ Ci2Hos Hy5Cq2 C12H2l5-|N\
OF
-00C -
g @ O
NC
DCM PS

Scheme 2-1. Chemical structures of OF (energy donor), DCM (energy acceptor), and PS (energy

acceptor).
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Scheme 2-2. Reagents and conditions: (a) n—BuLi, THF, C,H,sBr, —78 °C to r.t, 5h; (b) bromine,
iodine, CH,Cly, r.t, 20 h; (c) n—BuLi, 2—-isopropoxy—4,4,5,5—tetramethyl-1,3,2—dioxaborolane, THF, —
78 °C to r.t, 24 h; (d) n—BuLi, diethylether, —78 °C and r.t, 1 h; DMF, —78 °C to r.t, 8 h; (¢) Pd(PPhs)s,
K,CO;, THF—water, 90 °C, 2 h; (f) CH;NH,, NaBH,4, MeOH, CH,Cl,, r.t, 1 h.

The dodecyl-substituted OF typically affords nanoparticles through self-assembly.! The N-
methylaminomethyl end groups would be protonated in aqueous medium (pK, ~ 10.7), leading to the
cationic nanoparticles. The oligofluorene derivative OF functionalized with 9,9’-dodecyl chains and N-

methylaminomethyl end groups was synthesized according to the steps shown in Scheme 2-2.
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Figure 2-1. (a) A SEM image of OFN drop-casted from aqueous suspension on a silicon substrate
(scale bar equivalent to 500 nm). (b) Size distribution profile from DLS analysis ((OF] = 1 x 107> M).

The average diameter varies about = 5 nm.

One of simple and straightforward approaches for the preparation of nanoparticles is reprecipitation
method by injecting THF solution of OF into water under vigorous stirring. No stabilizer or surfactant
was added during the preparation. Indeed, upon rapid injection of THF solution of OF into water under
vigorous stirring, a nanoparticle suspension of OF (OFN) was obtained as a macroscopically

homogeneous and well-dispersed solution without formation of agglomerated precipitates.'

We used fresh nanoparticles for each experiment, and the nanoparticles in this study are thermally and
photochemically stable. Scanning electron microscope (SEM) and dynamic light scattering (DLS)
studies revealed that the resultant OFNs are approximately spherical shapes with the average diameter

of 83 nm, as shown in Figures 2-1a and 2-1b. Zeta () potential measurement showed that the surface
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of the nanoparticle was positively charged. The &-potential of the nanoparticle was found to be + 37
mV indicating good stability for the colloidal dispersion, which means that agglomeration and
precipitation of the particles did not take place. The charged particle can move under the influence of
an applied external electric field (electrophoresis) with excellent electrophoretic mobility of 3.42 x 10~

2~x7r-1 —1
cm™V o s .
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Figure 2-2. (a) Absorption (dash line) and emission (solid line) spectra of OF in THF solution (red, 1 X
10~ M) and OFN dispersion (blue, 1 x 10~ M). Excitation wavelength is 355 nm. (b) Lifetime decay
profile (Aex = 375 nm) of OF monitored at 420 nm in THF solution (red) and OFN dispersion (blue)
(IRF: Instrumental Response Function). The fluorescence lifetime of molecularly dissolved OF in THF
solution was measured to be 0.69 ns (red) with mono-exponential fluorescence decay. On the other
hand, OFN suspension presented biexponential decay (blue) having lifetime of 0.24 ns (74.39%) and
0.71 ns (25.61%).
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Absorption and emission spectra of OF in THF showed the characteristic features of molecularly
dissolved species as shown in Figure 2-2 in red line. The absorption maximum was observed at 355 nm
with molar extinction coefficient (¢) of 1.05 x 10°M ' cm™'. The emission spectrum displayed two
structured sharp peaks at 398 nm and 418 nm with absolute fluorescence quantum yield @ of 72%. On
the other hand, the absorption spectrum of the OFN in aqueous medium showed decrease in € (0.56 X
10° M ' cm™) and a marginal red shift in the absorption maximum (Amax = 356 nm). The nanoparticles
emit bright, steady blue fluorescence with subsequent red-shifted in emission maximum and reduced
intensity when compared to THF solution as shown in Figure 2-2 in blue line. In accordance with the
decrease in the fluorescence intensity, the absolute quantum yield of OFN was dramatically reduced to
29%.

Moreover, the fluorescence lifetime of OF in THF solution was found to be 0.69 ns with a mono-
exponential fluorescence decay indicating only one emitting species as shown in Figure 2-2b. On the
other hand, the decay became multi-exponential with an average lifetime of 0.48 ns in OFN as shown
in Figure 2-2b, which suggests that a significant portion of the excited energy lost in non-radiative
ways. The observation of red-shift in the absorption and emission maximum, reduction in the
absorption and emission intensities along with decrease in the fluorescent quantum yield and
fluorescence decay lifetime in OFN, supported the fact that the nano-aggregation occurred, facilitating
the formation of the OFN in the aqueous medium. All of photo-physical properties of OF in THF and

aqueous medium are summarized in Table 2-1.

Table 2-1. Photophysical parameters such as absorption maxima, emission maxima, extinction
coefficients (&), absolute fluorescence quantum yield (@) and fluorescence lifetime (7r) of OF in THF

and OFN in aqueous medium.

Absorption Emission
Amax (im) X 10°M ' em™)  Apax (nm) @5 (%) 7r (ns)
OF in THF 355 1.05 398, 418 72 0.69
OFN in water 356 0.56 402, 421 29 0.48
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Interior particle FRET

Facile and efficient tuning of emission colors is one of the most interesting and useful features of
organic nanoparticles. Doping techniques based on energy transfer to a fluorescent molecule or dye
have been found to be an effective method to tune the emission colour of organic nanoparticles. In
several cases, the nanoparticle assembly acts as a donor scaffold for the encapsulated acceptor.
Fluorene-based oligomers and polymers are known to be efficient FRET donors because of their

suitable energy levels and excellent fluorescence quantum yields.

hv
+ 4
+ +
+ OFN %:
+ Bem G) _ %
Interior

FRET

Scheme 2-3. Schematic illustration of interior FRET from OFN to DCM.

We studied co-assembled nanoparticle composed of OF and a red emitting neutral dye (DCM) as
illustrated in Scheme 2-3. The six dodecyl chains and three fluorene units of OF facilitate to
incorporate DCM, which results in the formation of energy donor-acceptor co-assembled nanoparticles.
In order to make the DCM encapulated within the OFN, the THF solution with mixture of OF and

DCM was rapidly injected into the stirring water as shown in Scheme 2-4.

Oligofluorene and DCM mixture (0.5 mM) in THF

Milli-Q water (5 mL) dispersion of OFNs with incorporation of DCM

Scheme 2-4. The illustration of the preparation of co-assembled nanoparticle in corporation of OFN

with DCM.
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The OF satisfied the requirements of a supramolecular donor—acceptor system with DCM for FRET
studies. For example, there were significant spectral overlaps observed between the donor (OF)
emission and the acceptor (DCM) absorption in the nanoparticle state as shown in Figure 2-3a. The
UV/Vis absorption spectra of the donor molecules showed no additional peaks or peak shift on addition
of the acceptor, which is an indication of the absence of any ground-state interactions between the
donor and acceptor molecules (Figure 2-3b). Direct excitation of the acceptor at the excitation

wavelength of the donor was negligible, especially at low acceptor concentrations (Figure 2-3c).
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Figure 2-3. (a) Spectral overlap between the absorption of DCM energy acceptor (red) and the
emission of OFN energy donor (black) at room temperature (5 x 10°° M, Ao = 355 nm, J(A) = 1.3 x
10" M em™' nm*); (b) UV/Vis absorption spectra of OFN in the absence and the presence of neutral
dye DCM (0-5 mol%). Only a little spectral change upon addition of 5 mol% DCM was observed,

probably because of minimal incorporation of DCM; (c) comparison of individual absorption spectra
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of OFN (black line, [OF] =5 x 10® M) and DCM (red line, 2 x 10”" M, which is 4 mol% with respect

to the OFN concentration), indicating that OFN energy donor can be selectively excited at 355 nm.

The identical co-assembled nanoparticles (OFN-DCM) were formed reproducibly, as confirmed by
UV/Vis absorption and fluorescence spectra. The OFN-DCM suspension is stable for one day enough
to carry out all the experiments. The averaged size and & potential of the resultant OFN-DCM (83 nm,
+35 mV) were almost the same as those of OFN alone because of the minimal incorporation of DCM

(5 mol%, Figure 2-4).
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Figure 2-4. Particle size distribution profile of OFN-DCM in the presence of 4 mol% DCM obtained

from DLS analysis. The average diameter is 83 £ 5 nm.

The FRET properties were analyzed by monitoring the OFN emission on excitation with UV light in
the presence of increasing amounts of the DCM. Efficient interior FRET from OFN to DCM was
confirmed by quenching emission from OFN along with the appearance of DCM emission upon
selective excitation of OFN at 355 nm (Figure 2-5). The FRET event was visibly recognized; the

emission color of the OFN-DCM was red in contrast to the blue color from prinstine OFN.
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Figure 2-5. Fluorescence spectral changes of OFN suspensions upon addition of increasing amounts of
DCM (Aex = 355 nm). Insets: fluorescent color images of the nanoparticle suspension in the absence

and presence of DCM under 365 nm UV-illumination.

The excitation spectra of OFN-DCM in the presence of 4 mol% DCM was performed and monitored
at 600 nm (emission from DCM) is consistent with the absorption of OFN (Figure 2-6). This results
indicated that the emission from DCM is originating from the absorption of OFN.
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Figure 2-6. Excitation (green) and absorption spectra (blue) of OFN-DCM suspension in the presence

of 4 mol% DCM (Amoni = 600 nm) in aqueous medium.
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Time-correlated single photon counting experiments also support the fact that the interior and exterior

particle FRET processes efficiently took place (Figure 2-7).
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Figure 2-7. Lifetime decay profiles of OFN-DCM suspension with increasing amounts (0—5 mol%) of
DCM (Aex = 375 nm, Aponi = 420 nm; IRF: Instrumental Response Function).

Exterior particle FRET

We also investigated exterior co-assembling formation of OFN with a green emitting dye (PS).
Because of the positive & potential value of the OFN surface, PS can be physically adsorbed on the
surface of OFNs through electrostatic interaction to form OFN—PS composites where exterior FRET

can occur as illustrated in Scheme 2-5.

Exterior
hv FRET

Scheme 2-5. Schematic illustration of exterior FRET from OFN to PS.
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Surface adsorption of PS on the OFN surface was achieved by adding PS in water to the pre-assembled

OFN suspension at the appropriate concentration as shown in Scheme 2-6.

Oligofluorene (0.5 mM) in THF

Milli-Q water (5 mL) dispersion of OFNs OFNs attached by PS dye on the surface

Scheme 2-6. The illustration of the preparation of co-assembled nanoparticle in corporation of OFN

with PS.

The UV-Vis absorption spectra of the donor molecules showed no additional peaks or peak shift on
addition of the acceptor, which is an indication of the absence of any ground-state interactions between
the donor and acceptor molecules. (Figure 2-8) The OF satisfied the requirements of a supramolecular
donor—acceptor system with PS for FRET studies. For example, there were significant spectral
overlaps observed between the donor (OF) emission and the acceptor (PS) absorption in the
nanoparticle state as shown in Figure 2-8a. Direct excitation of the acceptor at the excitation
wavelength of the donor was negligible, especially at low acceptor concentrations. (Figure 2-8c)

The identical co-assembled nanoparticles (OFN—PS) were formed reproducibly, as confirmed by UV-
Vis absorption and fluorescence spectra. The OFN—PS suspension is stable for one day enough to carry
out all the experiments. The formation of OFN-PS was substantiated from the zeta potential and DLS
measurements; the &-value decreased from +37 mV to +6.1 mV in the presence of 5 mol% of PS owing
to the cancelation of the OFN surface charge, and the average size of OFN—PS (105 nm) became
larger as compared to that of the original OFN (83 nm, Figure 2-9)."*

The absorption spectrum of OFN ([OF] = 10~ M) showed a little change upon addition of varying
amounts of PS (0—5 mol%), as shown in Figure 2-8b, whereas the significant change in the emission
spectrum of OFN was observed. The blue emission from OFN gradually decreased along with

increasing green emissions (485 and 520 nm) from PS (Figure 2-10).
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Figure 2-8. (a) Spectral overlap between absorption of PS energy acceptor (red) and emission of OFN
energy donor (black) at room temperature (5 x 10° M, Aex = 355 nm, J(1) = 8.2 x 10" M cm ' nm®);
(b) UV/Vis absorption spectra of OFN in the absence and the presence of anionic dye PS (0—5 mol%);
(c) comparison of individual absorption spectra of OFN (black line, [OF] = 5 x 10°° M) and PS (red
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line, 2 x 10" M, which is 4 mol% with respect to the OFN concentration), indicating that OFN energy

donor can be selectively excited at 355 nm.

Relative number, %
-t - N
o n o
: ——————r

a
L e e

0 : 1 I |
10 100 1000
Diameter, nm

Figure 2-9. Particle size distribution profile of OFN-PS in the presence of 4 mol% PS obtained from

DLS analysis. The average diameter is 105 + 4 nm.
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Figure 2-10. Fluorescence spectral changes of OFN suspensions upon addition of increasing amounts
of PS (Aex = 355 nm). Insets: fluorescent color images of the nanoparticle suspension in the absence

and presence of PS under 365 nm UV illumination.

The excitation spectra of OFN—-PS in the presence of 4 mol% PS was performed and monitored at 485
nm (emission from PS) is consistent with the absorption of OFN (Figure 2-11). This results indicated

that the emission from PS is originating from the absorption of OFN.
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Figure 2-11. Excitation (green) and absorption spectra (blue) of OFN—PS suspension in the presence

of 4 mol% PS (Amoni = 485 nm) in aqueous medium.

Time-correlated single photon counting experiments (Figure 2-12) also support the fact that the interior

and exterior particle FRET processes efficiently took place.
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Figure 2-12. Lifetime decay profiles of OFN—PS suspension with increasing amounts (0—-5 mol%) of

PS (Aex = 375 nm, Amoni = 420 nm; IRF: Instrumental Response Function).

It is noteworthy that a plot of the emission intensity against PS concentration showed saturation
behavior above 2 mol% addition of PS ([PS] = 2 x 10 M), indicating the strong electrostatic
attraction between OFN and PS with the association constant over 10’ (Figure 2-13). Given that the
size of OFN was evaluated to be ~100 nm, more than 10° of OF molecules contributed to the

formation of one nanoparticle, indicating that [OFN] is calculated to be lower than 107 M; it is
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surprising for us that even at such a concentration of OFN, anionic small molecule PS facilitated to

interact with the surface.

(a)

422 nm

Intensity, a.u.

560 nm

0 01 02 03 04 05 06
[DCM], uM

(b)

Intensity, a.u.

0 01 02 03 04 05 06
[PS], uM

Figure 2-13. (a) Fluorescence intensity changes at 422 nm (red, from OFN) and 560 nm (black, from
DCM) as a function of DCM concentration; (b) Fluorescence intensity changes at 423 nm (red, from

OFN) and 524 nm (black, from PS) as a function of PS concentration.

It was also confirmed by utilizing a red emitting cationic dye that electrostatic interaction for
exterior FRET is of importance and no FRET between OFN and the acceptor dye in bulk aqueous

solution occurs, despite of comparable extent of the spectral integral with the case of OFN-PS (Figure

2-14).
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Figure 2-14. (a) Chemical structures of a cationic dye trans-4-[4-(Dimethylamino)styryl]-1-
methylpyridinium iodide (DASMPI) as energy acceptor for comparison; (b) UV/Vis absorption spectra
of the OFN-DASMPI suspension with increasing amounts of DASMPI (0—4 mol%); (c) Spectral
overlap between absorption of DASMPI energy acceptor (red) and emission of OFN energy donor
(black) at room temperature (5 x 10° M, A = 355 nm, J(A) = 8.6 x 10" M "' ecm™' nm?); (d)
Corresponding fluorescence spectra of the OFN-DASMPI suspension (Aex = 355 nm).
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Dual particle FRET

Given the interior and exterior FRET from the OFN scaffold to DCM and PS, one can expect efficient
“dual FRET” without interference with each other (Scheme 2-8), which would lead to full-color

generation including white.

Exterior

f OFN %:
* DCM *
Interior

FRET

Scheme 2-8. The Schematic illustration of dual FRET in combination of interior and exterior particle
FRET.

The RGB trichromophoric assembled nanoparticle system (OFN-DCM-PS) was thus prepared by
adding PS into a pre-assembled OFN-DCM suspension (Scheme 2-9).

Milli-Q water (5 mL) dispersion of OFNs OFNs attached by PS dye on the surface
with incorporation of DCM

Scheme 2-9. The illustration of the preparation of co-assembled nanoparticle in corporation of OFN
with DCM and PS.
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The size and surface charge of OFN-DCM-PS were 105 nm and +5.1 mV, respectively (Figure 2-15),
which are consistent with those of OFN-PS.
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Figure 2-15. Particle size distribution profile of OFN-DCM-PS with OF:DCM:PS = 1:0.04:0.04

(mol/mol) obtained from DLS analysis. The average diameter is 105 + 3 nm.

The addition of PS into a pre-assembled OFN-DCM (4 mol% DCM) suspension induced the decrease
in emission intensity of OFN along with the appearance of emission peaks from PS, while the emission
from DCM remained almost the same (Figure 2-16). When 0.5 mol% and 1 mol% PS were added to
the OFN-DCM suspension, the exterior FRET efficiencies are calculated to be 12% and 29%,
respectively, which are identical to the case of OFN—PS, where the FRET efficiencies are 13% (0.5
mol% PS) and 29% (1 mol% PS), respectively.
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Figure 2-16. (a) Absorption and (b) corresponding fluorescence spectra (Aex = 355 nm) of OF-DCM-
PS suspensions in various molar ratios: OF:DCM:PS = 1.0:0.04:0 (mol/mol, black), 1.0:0.04:0.005

(mol/mol, blue), 1.0:0.04:0.01 (mol/mol, green).

The excitation spectra of OFN-DCM-PS monitored at 485 nm (PS emission) and 600 nm (DCM
emission) were consistent with the absorption spectrum of OFN (Figure 2-17). These results clearly
revealed that each FRET event occurred independently and this system was free from sequential FRET,

indicating that emission color can be fine-tuned by varying the ratio of the constituents.
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Figure 2-17. Normarized excitation spectra monitored at 485 nm (green) and 600 nm (red) and
absorption spectrum (blue) of the nanoparticle suspension with OF:DCM:PS = 1.0:0.04:0.008

(mol/mol).

Indeed, full color luminescence tuning including blue, green, yellow, and red were readily achieved by
the adjustment of relative molar ratio of tri-constituents as shown in Figures 2-18 and 2-19. When
molar ratio of OF/DCM/PS was adjusted to 1:0.04:0.008, an ideal white emissive nanoparticle was
obtained in aqueous solution with CIE coordinate of (0.32, 0.33), owing to almost equal contributions
from tri-constituents covering the whole visible range. Such color tunable feature assisted by dual
FRET was achieved even in film states when the resultant nanoparticles were embedded in polyvinyl

alcohol matrix (PVA) (Figures 2-20 and 2-21).

Intensity, a.u.

350 400 450 500 550 600 650 700
Wavelength, nm

Figure 2-18. Fluorescence spectra of nanoparticle suspensions with various OF:DCM:PS molar ratios:

from left to right, (1:0:0) blue, (1:0.04:0) red, (1:0:0.02) green, (1:0.04:0.008) white, (1:0.04:0.006)
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yellow, (Aex = 355 nm); Inset: fluorescent color images of the nanoparticle suspensions under 365 nm

UV-illumination.

Figure 2-19. Fluorescence microscopic images (Adex = 355 nm) of (a) OFN; (b) OFN-PS (OF:PS =
1.0:0.04 mol/mol); (¢) OFN-DCM (OF:DCM = 1.0:0.04 mol/mol); (d) OFN-DCM-PS
(OF:DCM:PS = 1.0:0.04:0.01 mol/mol).
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Figure 2-20. Fluorescence spectra of nanoparticle suspensions in PVA embedded films containing
various OF:DCM:PS (mol/mol): (a) 1:0:0, blue; (b) 1:0.05:0, pink-red; (c) 1: 0:0.05, green; (d)
1:0.05:0.00625, white. The excitation wavelength is 355 nm. Insets: corresponding photo images of the

films taken under 365 nm UV illumination.
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Figure 2-21. Normarized excitation spectra monitored at 419 nm (blue), 490 nm (green), 585 nm (red),
and absorption spectrum (black) of nanoparticle suspension (OF:DCM:PS = 1:0.05:0.00625 mol/mol)
embedded in the PVA polymer matrix.

Anionic bio-macromolecules sensing

Considering that FRET event is very sensitive to the spatial distance and orientation between
energy-donor and acceptor," perturbation to PS on the surface of OFN-DCM-PS would induce the
change in exterior FRET efficiency, giving rise to the creation of sensory system in a ratiometric and
fluorogenic way of detection; one can readily read out such events as visible changes of emissions

(Scheme 2-10).

Exterior Polyanion _’,,—”/ Polysaccharides
BSA Polysaccharides hv -

e T

Interior Interior
FRET FRET

Scheme 2-10. Schematic illustration of the white emissive OFN-DCM-PS toward ratiometric and

visual polyanion sensing. The BSA structure is taken from Protein Data Bank.

We deduce that white light emission has no interferential background in terms of colorfulness and
thus subtle change in emission bands contributing to white would readily result in visible changes in
addition to providing a ratiometric way of detection.”'*'® We chose four anionic bio-macromolecules,

namely bovine serum albumin (BSA), sodium hyaluronate (NaHA), chodroitin sulfate (ChS), and
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heparin sodium (HEP)'” as analytes to demonstrate highly sensitive and selective polyanion sensing.

The structures of four analytes were shown in Scheme 2-11.

NaHA
Scheme 2-11. The strutures of HEP, BSA, NaHA and ChS.

The charge density of four analytes are examined by Zeta-potential measurements. The results are

summarized in Table 2-2.

Table 2-2. Zeta potential results of four anlaytes:

BSA (mV) HEP (mV) NaHA (mV) | ChS (mV)
Entry 1 —9.51 ~11.23 ~19.05 ~17.62
Entry 2 ~10.94 ~12.49 ~19.68 ~16.00
Entry 3 ~11.03 ~10.62 ~19.92 ~17.97
Average” ~10.49+0.98 |-1145+1.04 |-19.55+0.5 |-17.20+1.2

“ Concentration of analytes is 5 mg/mL in PBS buffer solution. Each entry is repeated for three times.

Considering that the high ionic strength induced aggregation of nanoparticles by the cancellation
of the cationic surface charge of nanoparticle, we set a white emissive OFN-DCM-PS suspension,
OF/DCM/PS = 1:0.01:0.01 in a molar ratio ((OF] = 0.83 x 10~ M), in buffer conditions (1.67 mM
PBS, pH 7.2).
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Upon gradual addition of BSA into the white emissive OFN-DCM-PS, the suppression of
exterior FRET from OFN to PS —decrease in the emission intensity of PS and recovery of the emission
from OFN with isosbestic points— was observed until reaching the saturation point, which is reversal of
the situation for adding PS to OFN-DCM (Figure 2-22). It was reported that BSA has an ability to
interact with PS with the association constant of 3.7 x 10* M™','® however under the conditions we used
here ([PS] = 0.83 x 10" M, [BSA] = 0 ~ 2 x 10°® M), the complex formation between PS and BSA is
negligible; it is therefore reasonable to infer that the successful displacement of PS by anionic BSA
took place in the sub mM range. Eventually emission color change from white to blue was noticeable

by naked eyes.
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Figure 2-22. Fluorescence spectral changes of the white emissive OFN-DCM-PS (1:0.01:0.01)

suspension upon addition of varying amounts of BSA in PBS buffer solution (pH = 7.2, Aex = 355 nm);
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(b) Fluorescence intensities ratio change of OF—DCM-PS (1:0.01:0.01) suspension as a function of

concentration of BSA in PBS buffer solution.

Circular dichroic analysis revealed that no denaturing of BSA occurred in the presence of the
nanoparticle (Figure 2-23).
40

-80 ! ! ! ! I
200 210 220 230 240 250

Wavelength, nm
Figure 2-23. Circular Dichroic spectra of native BSA (black) and OFN-BSA (red) in 10 mM PBS
buffer solution. ((OFN] = 0.83 x 10> M, [BSA] =2 x 10° M)

Similar to the results from BSA sensing, displacement of PS upon addition of increasing amount of
HEP, NaHA and ChS took place, leading to the suppression of exterior FRET from OFN to PS
(Figures 2-24, 2-25 and 2-26). Typically, PS started to be expelled even at concentration of [HEP] =
30 ng/mL (Figure 2-24) and a plot of emission intensity vs. [HEP] changed and saturated at sub
mg/mL range (Figures 2-24). Visible response from white to blue (390 ng/mL) via yellowish white

(180 ng/mL) was conspicuous (Figure 2-24 inset).

68



(a)

Intensity, a.u.

350 400 450 500 550 600 650 700
Wavelength, nm

(b)

N oW W
g O O
T 1
[
o
[ )
[ ]

I421 nm / I487nm
N
o
T
[ J
[ ]

0_5 s b by b b b b bl
0 01 02 03 04 05 06 0.7 0.8

[HEP], ug/mL

Figure 2-24. Fluorescence spectral changes of the white emissive OFN-DCM-PS (1:0.01:0.01)
suspension upon addition of varying amounts of HEP in PBS buffer solution (pH = 7.2, Adex = 355 nm);
(b) Fluorescence intensities ratio change of OF—DCM-PS (1:0.01:0.01) suspension as a function of

concentration of HEP in PBS buffer solution.
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Figure 2-25. Fluorescence spectral changes of the white emissive OFN-DCM-PS (1:0.01:0.01)

suspension upon addition of varying amounts of NaHA in PBS buffer solution (pH = 7.2, Aex = 355

nm); (b) Fluorescence intensities ratio change of OF—-DCM-PS (1:0.01:0.01) suspension as a function

of concentration of NaHA in PBS buffer solution.
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Figure 2-26. Fluorescence spectral changes of the white emissive OFN-DCM-PS (1:0.01:0.01)
suspension upon addition of varying amounts of ChS in PBS buffer solution (pH = 7.2, Aex = 355 nm);
(b) Fluorescence intensities ratio change of OF—DCM-PS (1:0.01:0.01) suspension as a function of

concentration of ChS in PBS buffer solution.

The detection limit for HEP was calculated to be 8 ng/mL,16f while those for BSA, NaHA and
ChS were estimated to be 2.4, 73.2, and 326.1 ug/mL, respectively (Figure 2-27). The high sensitivity
and selectivity toward HEP can be explained by the polyelectrolyte effect between the positively-
charged nanoparticle surface and HEP bearing the highest anionic charge density.'”'**° Considering
that the visible response was monitored as a result of displacement of PS with analytes, it is surprising
for us that HEP affinity to the cationic surface of OFN-DCM-PS would be comparable with those for

heparin binding proteins and heparin binders.'”*'**
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Figure 2-27. (a) Fluorescence intensity changes (/421nm/lss7nm) Of the nanoparticle suspension as a
function of concentration of analytes in PBS buffer solution. (b) Detection limits for anionic analytes

used herein.
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The affinity of the white emissive nanoparticle toward HEP was compared with a conventional heparin
binder, hexadimethrine bromide, as shown in Figure 2-28. No significant change was observed on the
fluorecent spectrum of the HEP-attached nanoparticle upon addition of the heparin binder. This resut

indicates that the white emissive nanoparticle has higher affinity toward HEP than the conventional

heparin binder.
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Figure 2-28. Fluorescence spectral changes of the white emissive OFN-DCM-PS (1:0.01:0.01)
suspension upon addition of (a) 8.3 mM (based on the molecular weight of repeating unit)
hexadimethrine bromide and then 0.53 mg/mL HEP; (b) 0.53 mg/mL HEP and then 8.3 mM
hexadimethrine bromide in sequence, respectively (in PBS buffer solution, Ax = 355 nm). The

proposed processes of (a) and (b) were illustrated in (c) and (d), respectively.
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Conclusion

In summary, we reported a new RGB trichromophoric nanoparticle system, wherein an energy
donor scaffold and two acceptor dyes are spatially organized to achieve interior and exterior dual FRET,
generating full color emissions including white in aqueous medium and in PVA film. Furthermore, we
have demonstrated that the cationic white emissive nanoparticle is useful for the construction of highly
sensitive sensory system for polyanions with ratiometric and visible responses. The “white background”
that we introduced here provides low background in terms of colorfulness but indeed has high emission
background, it would, therefore, allow to screen inherent auto-fluorescence background appeared in
biological sensing system.”> The concepts in this paper would complement the displacement-based
chemosensors and other sensing techniques existing currently. Introducing interactive sites toward
specific analytes on the nanoparticle surface can increase the selectivity in a cooperative action of

different interactions.
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Experimental Section

Chemicals and Reagents.

All chemicals were purchased from Sigma-Aldrich, Kanto Chemical, Tokyo Chemical Industry, or
Wako Pure Chemical Industries and used as received. Bovine Serum Albumin (BSA) was purchased
from Sigma-Aldrich (the molecular weight is approximately 66 kDa). Heparin sodium (HEP) was
purchased from Wako Pure Chemical Industries containing 100,000 units. Hyaluronic acid sodium salt
(NaHA) from cockscomb and chondroitin sulfate sodium salt (ChS) were purchased from Tokyo

Chemical Industry. Oligofluorene derivatives were synthesized according to the literature procedures.

General Method.

"H NMR and ">C NMR spectra were recorded on a JEOL ECS-400; chemical shifts were recorded in
ppm relative to TMS (0 ppm). UV/Vis absorption spectra, fluorescence spectra were obtained on a
Hitachi U-2900 spectrophotometer and a Hitachi F-7000 spectrophotometer, respectively. Fluorescence
quantum yields were obtained on a Hamamatsu Photonics, Absolute PL. Quantum Yield Measurement
System, C9920-02G. Fluorescence lifetimes were measured using an IBH (FluoroCube) time
correlated picosecond single photon counting (TCSPC) system. Samples were excited using a pulsed
diode laser (NanoLED-11, <100 ps pulse duration) at a wavelength of 375 nm with a repetition rate of
1 MHz. Particle size analysis was carried out using a Photal DLS-8000HAL (Otsuka Electronics).
Zeta-potentials were measured by using a ELSZ-1000Z (Otsuka Electronics) instrument. The standard
deviation of the distribution in a single measurement was 6% and 10% for size and zeta potential
measurements, respectively. Field-emission scanning electron microscopy (FE-SEM) observations of
the samples were carried out using a Hitachi S-4800 at an accelerating voltage of 10 kV. Fluorescence
microscopic images of nanoparticles were observed by a confocal laser scanning microscopy (Leica-
microsystem TCS SP5). Circular dichroic (CD) spectroscopic analysis of BSA in phosphate-buffered
saline (PBS) buffer solution (pH = 7.2) in the absence and the presence of OFN was performed on a
JASCO J-725 using 10 mm path length cell in wavelength range of 200 nm—300 nm with a scan rate of

50 nm/min.
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Synthesis of 9,9-Didodecylfluorene (1).

Fluorene (10 g, 60.2 mmol) was dissolved in anhydrous THF (100 mL) by stirring

O.Q under argon. The reaction temperature was reduced to —78 °C by using a slush bath

HsCq2” CiaMas  5pg stirring was continued for 15 minutes. 2.5 M n-BuLi solution in hexane (50 mL,
127 mmol) was added dropwise and the mixture was stirred at —78 °C for 45 minutes. 1—
Bromododecane (32 g, 150 mmol) was then added dropwise followed by further stirring at —78 °C for 1
h. The solution was then allowed to slowly warm to room temperature and stirred for another 3 h. The
mixture was poured into water and extracted with hexane. The organic extracts were washed with brine
and dried over anhydrous Na,SO4. The solvent was removed under reduced pressure and the crude oily
product was purified by column chromatography (silica gel, hexane). The pure product was obtained as

colorless oil. Yield: 88%; "H NMR (600 MHz, CDCls): 6 [ppm] 0.56-0.65 (m, 4H), 0.88 (t, J= 14.4Hz,
6H), 1.05-1.32(m, 36H), 1.89-1.92(m, 4H), 7.26-7.33 (m, 6H), 7.68-7.70 (d, 2H).

Synthesis of 2,7-Dibromo-9,9-Didodecylfluorene (2).

1 (8 g, 16 mmol) was dissolved in CH,Cl, (80 mL) by stirring and the
oS

reaction vessel was covered with black paper to avoid light. I, (81 mg, 0.32
Hz5C12” "C12Has mmol) was added to the reaction mixture followed by the addition of
bromine (1.8 mL, 34.5 mmol) in 30 mL of CH)Cl,. The reaction mixture was stirred at room
temperature for 20 h. An aqueous solution of NaHSO4 (15%) was added until the red color disappears.
The organic layer was extracted with CH,Cl,, washed with water and dried over anhydrous Na;SOj.
The solvent was removed under reduced pressure and the crude product was purified by column
chromatography (silica gel, hexane). Yield: 85%; 'H NMR (600 MHz, CDCLs): & [ppm] 0.55-0.62 (m,
4H), 0.88 (t, /= 14.4Hz, 6H), 1.03—1.32 (m, 36H), 1.89-1.92 (m, 4H), 7.44-7.48 (m, 4H), 7.50-7.52 (d,

2H).
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Synthesis of 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-Didodecylfluorene (3).

2 (5 g, 7.57 mmol) was dissovled in anhydrous THF (70 mL)

o QO
o'BB‘O by stirring under argon. The reaction temperature was reduced

H25C12” Ci2Has to —78 °C by using a slush bath and stirring was continued for

15 minutes. 2.5 M r-BuLi solution in hexane (6.35 mL, 15.9 mmol) was added dropwise and the
mixture stirring was continued at —78 °C for 1 h. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (3.52 g, 18.92 mmol) was added rapidly to the reaction mixture and the resulting
mixture was warmed to room temperature and stirred for 24 h. The mixture was poured into water
and extracted with hexane. The organic layer was washed with brine and dried over anhydrous
Na,S0O4. The solvent was removed under reduced pressure and the crude product was purified by
column chromatography (silica gel, 5% EtOAc-hexane) to provide the titile product as a white
solid. Yield: 65%; '"H NMR (600 MHz, CDCl;): 6 [ppm] 0.50-0.59 (m, 4H), 0.88 (t, J = 14.4Hz, 6H),
1.07-1.34 (m, 36H), 1.38 (s, 24 H), 1.89-1.98 (m, 4H), 7.71 (d, J= 7.8 Hz, 2H), 7.74 (s, 2H), 7.79 (d, J
= 8.4 Hz, 2H).

Synthesis of 7-bromo-9,9-Didodecylfluorene-2-carbaldehyde (4).

0 Q To a stirred solution of 2 (4 g, 6.06 mmol) in anhydrous ether (40 mL)
Br . CHO 4t 78 °C, 2.5 M n-BuLi solution in hexane (2.68 mL, 6.7 mmol) was

Hz5C12" "Cq2Has added dropwise under argon atmosphere and stirring was continued for
30 minuntes. The reaction mixture was then allowed to warm to room temperature and stirred at
that temperature for another 30 min; it was cooled again to — 78 °C, followed by the addtion of
DMF (1.2 mL, 10 mmol). The mixture was allowed to warm to room temperature gradually and
stirred for 8 h. Aquous HCI solution (2 M, 50 mL) was added and stirring was continued for
another 2 h. The mixture was extracted with ether and washed with water and brine. The organic
extracts were dried over anhydrous Na,SO4 and the solvent was evaporated under reduced pressure.
The crude product was purified by column chromatography (silica gel, 25% CHCIl;-hexane) to
provide the title product as colorless liquid. Yield: 45%; "H NMR (600 MHz, CDCls): & [ppm] 0.55—
0.59 (m, 4H), 0.86 (t, J = 14.4Hz, 6H), 1.03—1.32 (m, 36H), 1.93-2.05 (m, 4H), 7.50-7.51 (m, 2H),
7.63 (d, J=8.4Hz, 1H), 7.80 (d, J= 8.4 Hz, 1H), 7.85-7.87 (m, 2H).
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Synthesis 0f 9,9,9°,9°,9”,9”-Hexadodecyl-7,2°;7°,2”-terfluorene-2,7”-dicarbaldehyde (5).

3 (1 g, 1.325 mmol) and 4 (1.62 g,
2.66 mmol), K,CO; (1.83 g, 13.25

mmol) were weighed in a two

necked RB flash. Air was removed
from the flash by applying vacuum followed by filling with argon gas. The process was repeated
for 3 times, then Pd(PPhs)s (155.6 mg, 0.13 mmol) was added under argon counter flow followed
by the addition of degassed and THF-H,0 (2:1) solvent mixture (40 mL). The reaction mixture was
refluxed at 90 °C for 2 days, then poured into water and extracted with CH,Cl, for 3 times. The
combined organic fraction was dried over Na,SO4 and evaporated to dryness under reduced
pressure. The crude product was purified by column chromatography (silica gel, CHCl;-hexane) to
provide the product as a glassy solid. Yield: 85%; "H NMR (600 MHz, CDCLs): § [ppm] 0.62-0.75
(m, 12H), 0.86 (t, J = 14.4Hz, 18H), 1.03—1.32 (m, 108H), 2.08-2.14 (m, 12H), 7.65-7.72 (m, 8H),
7.83 (d, J=7.8Hz, 2H), 7.86-7.91 (m, 8H), 10.08 (s, 2H).

Synthesis of OF

5 (50 mg, 0.032 mmol) was
dissolved in CH;0H/CHCl;
mixture (1:1) in RB flask and
methylamine (40 %, 6.367 mmol,

0.082 mmol, 6.83 uL) was added under argon at room temperature. The reaction was kept stirring
overnight. A solution of sodium borohydride (3.1 mg, 0.082 mmol) was added dropwise into the
mixture and was stirred for 4 h. Then the reaction mixture was poured into water and extracted
with CH,Cl, for 3 times. The combined organic fraction was dried over Na,SO4 and evaporated to
dryness under reduced pressure. The crude product was purified by column chromatography (silica
gel, 25% CH,Cly-hexane) to provide the product as a yellow solid. Yield: 85%; "H NMR (600 MHz,
CDCly): 6 [ppm] 0.70-0.72 (m, 12H), 0.83 (t, 18H), 1.03—1.32 (m, 108H), 2.01-2.03 (m, 12H), 2.5 (d,
6H), 3.87 (d, 4H), 7.29-7.30 (m, 4H), 7.61-7.69 (m, 10H), 7.73-7.76 (d, 2H), 7.79-7.83 (d, 2H).
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Preparation of Nanoparticle.

Organic nanoparticles in aqueous medium were prepared as follows: 5 mL water was taken in a 15 mL
glass vial and stirred at 1500 rpm using a magnetic bead and stirrer. OF dissolved in THF was taken in
a syringe and injected into the stirring water. Stirring was continued for another 1 minute to yield a

stable nanoparticle suspension of OFN.

Preparation of Nanoparticle Composite for FRET Studies.
(i) OFN-DCM: Small quantities of a neutral dye (DCM, 0-5 mol%) in THF solution was dissolved
into a THF solution of OF, keeping the OF concentration constant. This mixture solution (100 uL) was

injected into water (5 mL) to afford OFN-DCM where DCM was encapsulated in the OFN scaffold.

(i1)) OFN-PS: Adsorption of an anionic dye (PS) on the OFN surface was achieved by injecting water
soluble PS at required concentrations into the OFN suspension, followed by stirring for three minutes.

The mixture was kept at room temperature for another three minutes before measurements.

(ii1)) OFN-DCM-PS: The desired concentrations of water soluble PS were subsequently injected into a
suspension of pre-prepared OFN-DCM, leading to the formation of a trichromophoric OFN-DCM-
PS suspension. The mixture was kept at room temperature for another three minutes before

measurements.

Fluorescence Titration Experiments for BSA.

The stock solutions of BSA (0.05 mM) was prepared in 10 mM phosphate-buffered saline (PBS) buffer
solution. A 1 mL aquilot of 10 mM PBS buffer solution was added into 5 mL of the trichromophoric
nanopartcile suspension OFN-DCM-PS (OF:DCM:PS = 1:0.01:0.01, mol/mol), 3 mL of which was
transferred to a fluorescence cuvette and initial fluorescence was measured. The titration experiments
were performed by progressively adding 5 uyL aliquots of BSA stock solution to the cuvette and

recording the spectral changes after each aliquots addtion.

Fluorescence Titration Experiments for HEP.
A 1 mL of 10 mM PBS buffer solution was added into 5 mL of the trichromophoric OFN-DCM-PS
suspension (OF:DCM:PS = 1:0.01:0.01, mol/mol), 2 mL of which was transferred to a fluorescence

cuvette and initial fluorescence was measured. The titration experiments were performed by adding
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successive 5 uL aliquots of HEP stock solution (6 ug/mL) to the cuvette and recording the spectral

changes after each aliquots addition.

Preparation of PVA Embedded Films.
Various molar ratio of OFN-DCM-PS suspension (1 mL) was injected into 5 mL of 10 wt% polyvinyl
alcohol (PVA) aqueous solution under rapid stirring. The resultant mixture was drop-casted on a quartz

plate and dried completely prior to fluorescent spectroscopic measurements.

Calculation of Spectral Overlap Integral.
The spectral overlap integral of the energy donor emission and the acceptor absorption, J(4), was

calculated by using the equation below,”

JF,(Wg,(2) 22
J(A)="2

[ F,(2)dA

0
where Fp (1) is the fluorescence intensity of the donor in the wavelength range A + A 4, and ea(4) is the

extinction coefficient of the acceptor at A.

Calculation of Efficiency and Rate Constant of Energy Transfer.
The efficiency (F) of energy transfer from the energy donor to the acceptor was evaluated from the

donor fluorescence quenching profile by using the equation below,>*

g=1-Lo
P

where I and Ipa are emission intensities of the donor in the absence and the presence of the acceptor,

respectively.
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Appendix

'H NMR of OF in CDCl; (400 MHz)
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Chapter 3. Multiple Emissions from Indenofluorenedione in
Solution and in Polymer Film

Micro-Environmental Polarity

Polymer
4= Solvent - Maytrix
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Abstract

A new indenofluorenedione derivative (IFQ) with D-A-D framework was synthesized, of which the
multiple fluorescent channels can be controllably switched by changing solvent and polymer matrix in
broad visible range, exhibiting multi-emission including white. It was also demonstrated that IFO
embedded in polystyrene matrix is sensitive to environmental polarity, thus exhibiting the emission

colour changes upon exposure to polar organic solvents.
Introduction

Multicolour organic luminescent materials have attracted extensive attentions due to their
potential applications in flexible full-colour displays, the next-generation lighting and
bioimaging.! Compared with multicomponent molecular emitters, a single organic molecule
eliciting multiple luminescences has many advantages such as no inherent phase separation,
excellent colour stability, reproducibility and easy fabrication.” So far, several strategies have
been proposed in this research area, that mainly rely on use of multiple channels or multiple

signaling pathways such as an excimer or exciplex,’

excited-state intramolecular proton
transfer’ and intra-/inter-molecular charge transfer states.” Among the above, a single molecule
comprising electron-donor (D) and acceptor (A) units can be one of the simple and promising
candidates for new colour tuneable fluorophores, because one can utilize emission from an
intramolecular charge transfer (ICT) transition state.®*” The ICT state, however, becomes a
non-switchable deactivation pathway in many cases, resulting in showing red-shifted
fluorescence.” Therefore, a ICT molecule with blue emission arising from locally excited state
(LE) is still limited, thus hampering to design a single organic emitter with multiple emissions
for the generation of white emission.

In this chapter, we report a new indenofluorenedione-based fluorophore (IFQ) (Scheme 3-1),
which exhibits multiple luminescence including white. Indenofluorenedione is a rigid and
planar 7-conjugated molecule with electron-accepting ability, in which the n-z* and #-7*
transition states lie very close to each other in non-polar solvents, and 7-7* transition state is
expected to be dominant in polar solvents.*” By introducing the alkoxy side chains (weak
electron-donor), the D-A—D n-skeleton of IFO affords other deactivation pathways via intra-
/inter-molecular ICT states, leading to multiple fluorescent channels.'” Compared to the

fluorenone counterpart (FO; Scheme la), which is known to be non-emissive materials with
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special sensitivity towards solvent polarity,”*® IFO has an extended zm-conjugated structure,
enabling broad emission in visible range. We found that IFO indeed exhibits blue emission in
dimethylformamide (DMF), orange in methylcyclohexane (MCH), and red in p-xylene,
resulting from the LE-ICT state switching property. The LE-ICT state switching'' of IFO can

be also achieved in different polymer matrixes, resulting in multi-fluorescent polymer films.

Results and discussions

(@)
ERS D

CgH4,0 OCgH47
FO
CgHy70 O 7
oo () o
IFO0
(b) (c)
A lgeet. weRuse,
LUMO LUMO
MO0 BGLo,
HOMO HOMO

Scheme 3-1. (a) Chemical structures of FO and IFO with donor—acceptor—donor arrangement;
HOMO and LUMO of (b) FO and (c) IFO calculated at B3LYP/6-31G* level. The dodecyl
groups are replaced by ethyl groups for simplicity.

The FO and IFO molecules were characterized by '"H NMR, '*C NMR and MALDI/TOF-MS
measurements. According to the DFT calculation (Schemes 3-1b and 3-1¢), the HOMO of IFO
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is mostly delocalized on the electron-donating moiety and the LUMO is delocalized on the
electron-accepting moiety. Photophysical properties of IFO in methylcyclohexane (MCH),
dichloromethane (DCM), tetrahydrofuran (THF), DMF and p-xylene were summarized in Table
3-1."

The absorption spectrum of IFO consists of three peaks at 319 nm, 369 nm and 530 nm (Figure
3-1); the peaks at 319 and 369 nm correspond to 7-7* transition of the indenofluorenedione
core, which is consistent with the reported results.® The absorbance of IFO at 369 nm is
proportional to the concentration in the range from 5 yM to 40 uM in DCM, THF, DMF and p-
xylene (Figure 3-2), indicating that there is no aggregates in the ground state under the
experimental conditions. The absorption around at 530 nm can be assigned to ICT absorption;
indeed when increasing the polarity of solvents from MCH to DMEF, it showed positive

solvatochromic shift (Figure 3-1).
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Figure 3-1. Absorption spectra of IFO (20 uM) in MCH (orange), p-xylene (red), THF (black), DCM
(green), DMF (blue) at 298K.
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Figure 3-2. The absorbance at 369 nm as a function of concentration of IFO in (a) DCM, (b) THF, (c)
p-xylene and (d) DMF.

In stark contrast to the typical solvatochromic behaviours of conventional ICT molecules that
fluorescence is progressively red-shifted in correlation with the solvent polarity,” the IFO
showed unusual solvatochromic behaviour. In polar solvent like DMF, a fluorescent band at
436 nm was observed, which is attributable to the transition from LE, S;—So,"> while two low-

energy emission peaks at 530 nm and 610 nm were observed in non-polar solvent like p-xylene

(Figure 3-3).
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Figure 3-3. Fluorescence spectra of IFO in various solvents. (black: THF, green: DCM,
orange: MCH, red: p-xylene, blue: DMF). [IFO] = 20 uM Excitation wavelength is 355 nm.
(Inset: photographs under irradiation with 365 nm UV—lamp)

In order to assign the two emission peaks observed at longer wavelengths, the concentration
dependence of fluorescence spectra of IFO was performed in p-xylene (Figure 3-4). The
solution of each concentration was excited at the wavelength, where the absorbance is around
0.2. We found that the fluorescent intensity at 610 nm is constant throughout the different
concentrations (5 uM to 40 uM).

On the other hand, the fluorescent intensity at 530 nm slightly increased along with increasing
the IFO concentration (Figure 3-4). These results indicate that fluorescent emissions at 530 and
610 nm in p-xylene are originating from the intermolecular events at the excited state and
intramolecular charge transfer bands, respectively. The both charge transfer bands exhibited red
shifts when medium changed from p-xylene to MCH. The three emissions from LE (436 nm)
and charge transfer states (555 and 619 nm) were observed in THF (Figure 3-3).
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Figure 3-4. (a) Concentration dependence of fluorescence spectra of IFO in p-xylene in the range of

5uM to 40 uM (from black line to red line); (b) fluorescent intensity as a function of IFO

concentration.

The excitation spectra in various solvents were identical to the corresponding absorption

spectrum (Figure 3-5).
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Figure 3-5. Excitation spectra of IFO (19 uM) measured in (a) MCH (Anoni = 586 nm), (b) p-xylene
(Amoni = 610 nm), (¢) THF (green Amoni = 555 nm, red Amoni = 618 nm) and (d) in DMF (Amoeni = 437 nm)

dash lines are the corresponding absorption spectra.
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Table 3-1. Photophysical data of IFO and FO in various solvents.

solvent Aas (nm) Aem” i o
(€10*M "' cm™) (nm) ns (%)

MCH 367 (2.9) 585 5.3 33

p-xylene 370 (2.9) 610 1.8 3.2

IFO THF 369 (2.7) 436/619 1.2/0.5 0.7
DMF 369 (2.5) 436 34 2.2

MCH 341 (3.2) 523 7.3 23

p-xylene 345 (3.2) 546 39 13

FO THF 345 (3.2) 557 1.3 13
DMF 347 (2.9) 422/571 2.4/1.3 33

[a] Absorption maxima of 7-7* transition; [b] Emission maxima upon excitation at 355 nm for IFO
and 345 nm for FO; [c] Fluorescent lifetimes calculated as average lifetimes; [d] Absolute fluorescence

quantum yields determined by a calibrated integrating sphere system.

We inferred that in MCH and p-xylene, the Sp—S; transition is n-z* forbidden transition.
Consequently, the excited deactivation pathway of IFO would be switched onto the intra- and
inter-molecular CT channels (Scheme 3-2), leading to the low-energy fluorescence with

solvent-dependent characteristics (Table 3-1).
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Figure 3-6. Fluorescence lifetime decay profiles of IFO measured in (a) MCH (Anoni = 585 nm), (b) p-
xylene (Amoni = 610 nm), (¢) THF (blue Amoni = 420 nm, red Amoni = 619 nm) and (d) DMF (Ameni = 435

nm) at 298K. Excitation wavelengths are 375 nm. IRF: Instrumental Response Function.

S2 — e S, _______ n-mx
$y ——— n-m= SLﬁ TT-TT*

Excimer EXcimer =————

—_cT X IcT
ON ON ON
OFF itchi
State switching OFF OFF
So So

in non-polar solvents in polar solvents

Scheme 3-2. Plausible deactivation mechanism for our designed system in polar and non-polar media.
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The large dipole moment variation between the ground state and excited state of IFO is
responsible for large Stokes shift observed in MCH (218 nm) and p-xylene (240 nm).
Interestingly, in polar medium like DCM, THF and DMF, the character of the lowest excited
state of IFO changed to allowed 7-7* transition (Scheme 3-2). In this case, the CT band was
not as favourably active as in non-polar solvents probably because of weak electron donating
ability of dialkoxyphenyl groups.'* Instead, the LE with 7-7* character would play a major role
in excited state deactivation mechanism. Thus, multiple fluorescent deactivation pathways of
IFO can be switched by varying polarity of solvents. Commensurate with structural similarity,
FO exhibits similar solvatochromic behaviour (Figure 3-7), but the extended m-conjugation
length of IFO enables us to tune emission colours in wider range, particularly complementary

blue (in DMF) and red (in p-xylene).
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Figure 3-7. (a) Absorption and (b) emission spectra of FO (15 uM) measured in DMF (blue), MCH
(green), p-xylene (orange) and THF (black) at 298K. Excitation wavelengths are 345 nm. The
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intensities were normalized at the emission maximum. Inset: photographs under irradiation with 365

nm UV-lamp.

The lifetime of IFO and FO in various solvents were examined and shown in the Figures 3-6

and 3-8.
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Figure 3-8. Fluorescence lifetime decay profiles of FO measured in (a) MCH (Amoni = 523 nm), (b) p-
xylene (Amoni = 546 nm), (¢) THF (Amoni = 557 nm) and (d) DMF (blue Amoni = 420 nm, red Amoni = 570

nm) at 298 K. Excitation wavelengths are 375 nm. IRF: Instrumental Response Function.

The excitation spectra in various solvents were identical to the corresponding absorption

spectrum (Figure 3-9).
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Figure 3-9. Excitation spectra of FO (15 uM) measured in (a) MCH (black, Amoni = 520 nm), p-xylene
(blue Amoni = 547 nm), THF (green Amoni = 557 nm) and (b) DMF (blue Amoni = 422 nm, red Ameni = 570

nm) dash lines are the corresponding absorption spectra.

Such unusual solvatochromic behaviour inspires us to generate white emission in binary solvent
mixtures. The desirable amount of IFO was added into binary solvents of DMF and p-xylene
under varying ratios. The final concentration of IFO was kept identical to be 20 uM. All the
solvent combinations showed similar absorption spectra. However, the fluorescence was
tunable and determined by the number of polar solvent molecules in close proximity to the IFO
molecule.”” As shown in Figure 3-10, upon gradual addition of DMF into p-xylene, the low-

energy fluorescent band at 610 nm was progressively decreased along with the increase of high-

energy fluorescent band at 436 nm. Strikingly, when the ratio of DMF: p-xylene was tuned to

1:4 (v/v), white emission was obtained with CIE of (0.35, 0.32) as shown in Figure 3-10b."°
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Figure 3-10. (a) Fluorescence spectral change of IFO (20 uM) in binary solvents system (DMF
and p-xylene) in the presence of 0% DMEF (black line) to 50% DMF (blue line). Excitation
wavelength is 355 nm. (b) White light emission of IFO in binary solvent system with DMF: p-

xylene = 1:4 (v/v). Inset: a photograph under irradiation with 365 nm lamp.

Additionally, such multicolour emissions can be achieved when IFO encounters with
surrounding polymer matrixes having different polarities.'” The polysulfone (PSF) and
polystyrene (PS) were chosen as host polymer matrixes to examine fluorescent properties. The
IFO doped PS and PSF films were fabricated by using drop casting from a CHCI; solution
containing IFO (1 wt%) onto the surface of quartz cells. The low doping level ensured that IFO
was molecularly dispersed into polymer matrix without the formation of aggregates. The
emission spectra and photographic images of IFO-doped-PS and -PSF films were shown in

Figure 3-11. The emission colours are identical to those observed in solution. The fluorescent
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maximum of IFO embedded in PS is located at 598 nm, showing red emissive colour with CIE
of (0.23, 0.20). While the polymer matrix changed to PSF, the emission maximum is
dramatically hypsochromic shifted to 393 nm exhibiting blue emission with CIE of (0.31, 0.25).

This result indicates that IFO exhibits high sensitivity towards microenvironments surrounding

IFO molecule.
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Figure 3-11. (a) Fluorescence spectra of IFO doped in PS (red line) and PSF (blue line) as host

matrixes fabricated by drop casting of CHCI; solution containing the corresponding IFO (1

wt%). Excitation wavelength is 315 nm for PSF film and 355 nm for PS film. Inset:

Corresponding photographs under irradiation with UV—lamp. (b) Fluorescence spectra of FO film

doped in polystyrene (orange) and polysulfone (blue) as host matrixes fabricated by drop casting of

CHCI; solution containing 1 wt% FO. Excitation wavelengths are 345 nm. Inset: corresponding
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photograph under irradiation with 365 nm UV-lamp.

The excitation spectra of IFO-doped and FO-doped PS and PSF were identical to the

corresponding absorption spectrum (Figure 3-12).
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Figure 3-12. Excitation spectra of IFO film doped in (a) polystyrene (Amoni = 598 nm) and (b)
polysulfone (Amoni = 393 nm) as host matrixes containing 1 wt% IFO. The dash lines are the
corresponding absorption spectra. Excitation spectra of FO film doped in (c) polystyrene (Amoni = 545
nm) and (d) polysulfone (blue Anoni = 385 nm, orange Amoni = 550 nm) as host matrixes containing 1

wt% FOQO. The dash lines are the corresponding absorption spectra.

We further utilized the IFO-doped PS film to study the feasibility of selective detection of
common organic solvents, in which IFO is able to act as an indicator. The organic solvents
were placed onto IFO embedded PS film and resulting luminescent colour change was

monitored after 10 min. The IFO-doped PS film showed distinct colour change from red to
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blue upon exposure to acetonitrile, ethyl acetate and methanol probably because of large
polarity of solvents into PS matrix. In contrast to the above, no visible response towards MCH,
DCM, CHCIls, THF and toluene was observed (Figure 3-13). Such discriminated response is

consistent with the results obtained in solution.

exposure to CH,CN \
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400 450
Figure 3-13. Fluorescence spectral change of IFO doped PS film before (red line) and after

exposure to acetonitrile (blue line), excitation wavelength is 355 nm. Inset: corresponding

fluorescent images of IFO doped PS films before and after acetonitrile exposure.

Conclusions

In conclusion, we have successfully demonstrated that a newly designed electron D—A-D
fluorophore, IFO, presented multiple fluorescence channels that can be switched depending on
micro-environmental polarity such as solvent and polymer matrix. We believe that our
molecular design would help and extend the limited design concept of ICT molecules towards

stimuli-responsive and full-colour emissive materials.
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Experimental Section

Materials.

All chemicals were purchased from Sigma-Aldrich, Kanto Chemical, Tokyo Chemical Industry, or
Wako Pure Chemical Industries and used as received. The anhydrous DMF, anhydrous THF, p-xylene
and methylcyclohexene (MCH) spectroscopic grade (Wako Pure Chemical Industries, Ltd.) were used
for analysis. polysulfone (PSF) (M is 60 kDa) and polystyrene (PS) (M, is 350 kDa) were used as
host polymer matrixes. Fluorenone derivatives (IFO and FO) were synthesized according to the

literature procedures shown below.

General Method.

"H NMR and ">C NMR spectra were recorded on a JEOL ECS-400; chemical shifts were recorded in
ppm relative to TMS (0 ppm for 'H NMR as an internal standard). UV-Vis absorption and fluorescence
spectra were obtained on a Hitachi U-2900 spectrophotometer and a Hitachi F-7000 spectrophotometer,
respectively. Fluorescence quantum yields were obtained on a Hamamatsu Photonics, Absolute PL
Quantum Yield Measurement System, C9920-02G. Fluorescence lifetimes were measured using an
IBH (FluoroCube) time correlated picosecond single photon counting (TCSPC) system. Samples were
excited using a pulsed diode laser (NanoLED-11, <100 ps pulse duration) at a wavelength of 375 nm
with a repetition rate of 1 MH.
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Synthetic Route of IFO and FO.

a b o
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Reagents and conditions: (a) CsH;7Br, CH3CN, K,COs, reflux, 2 days; (b) n-BuLi, THF, —78 °C, 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, —78 °C to r.t.; (¢) Pd(PPhs)4, Na,COs, toluene,
H,0, EtOH, reflux, overnight.

Synthesis of 1. 4-Bromocatechol (5 g, 26.45 mmol) and K,CO; (22 g, 158.7 mmol) were dissolved in
acetonitrile (100 mL) and the mixture was heated to reflux for 1 hour. Then 1-bromooctane (12.77 g,
66.13 mmol) was added and the mixture was kept refluxed for 2 days with vigorous stirring. After
cooling, the mixture was poured into water and extracted with Et,O for three times. The combined
organic layers were washed with 2 M NaOH, dried over anhydrous MgSO, and concentrated to give
pale brown solids. The crude products were freed from the residual 1-bromooctane by distillation and
purified by column chromatography (silica gel) with hexane: DCM (2:1) as the eluent, affording the
pure product as a white solid. (10.1 g, 93% yield). "H NMR (CDCls, 400 MHz, TMS, 298 K): § 0.84-
0.95 (m, 6H), 1.29-1.34 (m, 20H), 1.74-1.85 (m, 4H), 3.91-4.0 (m, 4H), 6.72-6.75 (d, 1H, J = 6.6 Hz),
6.97-7.01 (m, 2H) ppm. °C NMR (CDCl;, 100 MHz, TMS, 298 K): & 14.09, 22.66, 25.97, 29.13,
29.25, 29.33, 29.35, 31.81, 69.37, 69.53, 112.77, 115.14, 116.91, 123.41, 148.36, 150.03.
MALDI/TOF-MS: m/z = 413.44 (calc. = 413.56).

Synthesis of 2. Compound 1 (5 g, 12.1 mmol) was dissolved in anhydrous THF (65 mL) by stirring
under argon. The reaction temperature was reduced to —78 °C by using a slush bath (ethyl acetate/liq.

N») and continued stirring for 10 minutes. 2.65 M r-BuLi solution in hexane (5.5 mL) was added
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dropwise and the mixture was stirred at —78 °C for 1 h. 2-isopropoxy-4.,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6.75 g, 36.3 mmol) was added rapidly to the reaction mixture, and the resulting mixture
was warmed to room temperature and stirred overnight. The mixture was poured into water and
extracted with ether. The organic layer was washed with brine and dried over anhydrous MgSO,. The
solvent was removed under reduced pressure and the crude product was purified by column
chromatography (silica gel) with hexane: CHCl; = 2:1 as eluent to provide the pure product as liquid.
(3.93 g, 71% yield). "H NMR (CDCls;, 400 MHz, TMS, 298 K): § 0.86-0.90 (m, 6H), 1.25-1.29 (m,
16H), 1.31 (s, 12H), 1.33-1.37 (m, 4H), 1.78-1.85 (m, 4H), 3.97-4.04 (m, 4H), 6.86-6.88 (d, 1H, J =8
Hz), 7.29 (s, 1H), 7.37-7.39 (d, 1H, J = 7.8 Hz) ppm. >C NMR (CDCls, 100 MHz, TMS, 298 K): &
14.09, 22.66, 24.84, 25.98, 26.04, 29.17, 29.26, 29.28, 29.38, 31.83, 68.84, 69.20, 83.54, 112.64,
119.34, 128.58, 148.47, 151.91. MALDI/TOF-MS: m/z = 460.51 (calc. = 460.67).

Synthesis of IFO. A 50 mL two-necked round bottom flask was charged with 2,8-dibromoindenol[1,2-
b]fluorene-6,12-dione (856.2 mg, 1.95 mmol) and compound 2 (1.97 g, 4.28 mmol), sodium carbonate
(1.24 g, 11.67 mmol), and evacuated and back-filled with Ar gas three times. Then 9.0 mL of dry
toluene, 3.0 mL EtOH and 3.0 mL water which were already deaerated for 30 min were added under Ar.
The mixture was stirred vigorously and refluxed at 90°C, tetrakis(triphenylphosphine)palladium (224.8
mg, 0.2 mmol) was then added to the reaction mixture. After the stirring was continued for 24 hours,
the mixture was then allowed to cool to room temperature and the solvent was evaporated by reduced
pressure. Water was poured into the reaction mixture and extracted by DCM for three times, the
combined organic layer was washed by brine and dried over anhydrous MgSO,. The crude product was
purified by column chromatography (silica gel) with hexane: CHCI; (1:1) as the eluent, affording the
pure product as a dark blue solid (736 mg, 45%). "H NMR (CDCls;, 400 MHz, TMS, 298 K): & 0.87-
0.91 (m, 12H), 1.30-1.35 (m, 40H), 1.82-1.88 (m, 8H), 4.03-4.10 (m, 8H), 6.95-6.97 (d, 2H, J = 8 Hz),
7.15-7.17 (m, 4H), 7.58-7.60 (d, 2H, J = 7.6 Hz), 7.73-7.76 (d, 2H, J = 8 Hz), 7.83 (s, 2H), 7.89 (s, 2H),
ppm. *C NMR (CDCls, 100 MHz, TMS, 298 K): & 14.10, 22.67, 26.05, 29.29, 29.39, 31.83, 69.31,
69.52,112.44,113.89, 115.93, 119.37, 120.89, 122.72, 132.34, 133.29, 134.65, 139.63, 141.68, 142.60,
145.66, 149.47, 149.51, 193.04. MALDI/TOF-MS: m/z = 947.91 (calc. = 947.35). Anal. Calcd for
CesHgo06°H,0: C, 79.63; H, 8.77. Found: C, 80.02; H, 8.65.

Synthesis of FO. A 50 mL two-necked round bottom flask was charged with 2,7-dibromo-9-
fluorenone (400 mg, 1.17 mmol) and compound 2 (1.18 g, 2.58 mmol), sodium carbonate (0.74 g, 7
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mmol), and evacuated then back-filled with Ar gas three times. Then 12.0 mL of dry toluene, 3.0 mL
EtOH and 3.0 mL water which were already deaerated for 30 min were added under Ar. The mixture
was stirred vigorously and refluxed at 90°C, tetrakis(triphenylphosphine)palladium (40.58 mg, 0.1
mmol) was then added to the reaction mixture. After the stirring was continued for 24 hours, the
mixture was then allowed to cool to room temperature and the solvent was evaporated by reduced
pressure. Water was poured into the reaction mixture and extracted by DCM for three times, the
combined organic layer was washed by brine and dried over anhydrous MgSO,. The crude product was
purified by column chromatography (silica gel) with hexane: CHCIl; (2:1) as the eluent, affording the
pure product as orange powder (680.7 mg, 69% yield). "H NMR (CDCls;, 400 MHz, TMS, 298 K): &
0.87-0.91 (m, 12H), 1.25-1.34 (m, 32H), 1.81-1.88 (m, 8H), 4.03-4.10 (m, 8H), 6.95-6.97 (d, 2H, J = 8
Hz), 7.15-7.17 (m, 4H), 7.55-7.57 (d, 2H, J= 7.6 Hz), 7.68-7.69 (d, 2H, J = 7.2 Hz), 7.87 (s, 2H), ppm.
BC NMR (CDCls, 100 MHz, TMS, 298 K): § 14.20, 22.77, 26.15, 29.39, 29.49, 31.92, 69.42, 69.60,
76.77, 77.10, 77.41, 112.58, 114.04, 119.40, 120.68, 122.71, 132.82, 132.93, 135.24, 142.07, 142.07,
142.70, 149.43, 149.55, 194.27. MALDI/TOF-MS: m/z = 845.41 (calc. = 845.26). Anal. Calcd for
Cs7HgoOs*H,0: C, 79.31; H, 9.57. Found: C, 79.56; H, 9.45.

Preparation of IFO-doped and FO-doped films.
The IFO (2 mg) or FO (2 mg) and polysulfone (PSF) or polystyrene (PS) (200 mg) were dissolved in
2 mL of CHCIs, and the solution was drop-casted onto the surface of quartz cell. The transparent

polysulfone or polystyrene films of the IFO were obtained by slow evaporation of CHCl;.

Acetonitrile detection by the IFO-doped PS film.

The IFO doped PS film was fabricated by drop casting from a CHCI; solution containing IFO (1 wt%)
onto the surface of quartz cells until complete evaporation of CHCIs. Pipette drops (ca. 80 uL) of
organic solvents (MCH, DCM, CHCls, THF and toluene, acetonitrile, ethyl acetate and methanol) were
placed onto the IFO-embedded PS film and resulting luminescent color change was monitored after 10

min.
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Appendix:
'"H NMR of IFO (400 MHz, in CDCl5)
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'H NMR of FO (400 MHz, in CDCls)
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Conclusions

This thesis has focused on control over the deactivation pathways and supramolecular organizations of
fluorene-based materials by rational molecular design strategies to achieve fluorene-based functional

materials aiming at exploring unique photo-physical properties and interesting functionalities.

In chapter 1, the novel and unexpected phenomenon has been described that metal-free pure organic
fluorene derivative bearing the bromide and aldehyde groups (Br-FL-CHO) was demonstrated
experimentally and theoretically to exhibit phosphorescence in conventional organic solvents and
embedded in polymer matrixes at room temperature. The spectroscopic techniques, time-resolved
photoluminescence studies and quantum chemical calculations have been utilized to investigate the
photophysical properties of Br—FL—-CHO. The characteristic features of phosphorescence have been
observed and confirmed as evident from dioxygen-quenching emission and long luminescent lifetime.
The introduction of different substitutes into fluorene core provided a better understanding of the
relationship between structural modification and observed photophysical properties of a given system,
indicating that the combination of bromine and aldehyde groups are responsible for facilitating
phosphorescence in solution at room temperature. Moreover, the electronic structures for the ground
state, excited singlet and triplet states of related compounds were studied using TD-DFT calculation to
illustrate the plausible mechanism of the observed phenomenon, which is in accordance with

experimental results.

In chapter 2, a new RGB trichromophoric nanoparticle system with white emission assisted by dual
FRET was constructed for highly sensitive fluorogenic dectection of polyanions. This system is
consisting of blue emitting cationic oligofluorene nanoparticle (B), a red emitting neutral dye (R) and a
green emitting anionic dye (G). By taking advantage of nano-structural architecture of oligofluorene
nanoparticles, we are able to spatially organize two acceptor dyes interior and exterior of nanoparticle
separately. The red emitting dye was encapsulated into the oligofluorene nanoparticles participating in
interior FRET, while the green emitting anionic dye was adsorbed on the positively-charged surface of
the nanoparticles by electrostatic interactions to undergo exterior FRET. Distinct two signaling
pathways are free from sequential FRET, which allowed us to generate full-color emission especially
white in aqueous medium and film state. Furthermore, the characteristic white emissive

trichromophoric nanoparticle was applied for poly-anions sensing in aqueous medium, wherein
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nanoparticle exhibited ratio-metric and drastic visible response upon addition of poly-anions such as

bovine serum albumin and heparin with the low detection limit of mg/mL and ng/mL, respectively.

In chapter 3, the new donor-acceptor-donor type fluorophore, IFO, having indenofluorenedione
chromophore as an electron-accepting unit with dialkoxyphenyl groups as weak electron donating
moieties was synthesized and investigated. In stark contrast to the typical solvatochromic behaviors of
conventional ICT molecules that fluorescence is progressively red-shifted in correlation with the
solvent polarity, IFO showed unusual solvatochromic behavior: blue emission was observed in
dimethylformamide (DMF), orange in methylcyclohexane (MCH), and red in p-xylene. Fluorescent
channels, namely the locally excited and ICT states, can be controllably switched on and off by solvent
induction, resulting in environmental polarity sensitive multi-luminescence. Furthermore, IFO also
showed high sensitivity towards micro-environmental polarity even when IFO was embedded in the
polymer matrix. The visible discrimination of polar solvents such as acetonitrile, ethyl acetate and

methanol from common organic solvents was successfully demonstrated.

Fluorene-based m-conjugated systems are quite attractive for a wide diversity of accessible structures
towards various applications. With unique molecular designs, preminary results presented in this thesis
would not only provide a new strategy for the design of new fluorene-based functional materials especially
with unique photo-physical properties, but also afford the development of nanostructural architectures with
potential applications in bio-related sensing or imaging and dioxygen-sensors based on purely organic

phosphors under ambient conditions can be expected in the near future.
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