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Abstract

Aggregation-induced emission (AIE) has garnered considerable attention in recent years. Understanding
the mechanisms underlying AIE phenomena is crucial. Here, we present the design and synthesis of a novel
fluorene derivative (4) based on triphenylamine, which exhibits typical AIE properties. The structure of it
was totally characterized using FT-IR, MALDI-TOF mass analysis, elemental analysis, *H, and *3C NMR
spectroscopy. It displayed strong solid-state emission with diverse fluorescence characteristics. The AIE
property of the compound was systematically studied using photoluminescence spectroscopy, revealing a
distinct yellow light-emitting phenomenon. The solid-state luminescence showed a red shift of 148 nm
compared to its luminescence in dilute dimethylformamide (DMF) solutions. Moreover, photophysical
characteristics, including absorption and emission spectra, as well as fluorescence lifetime, were examined
using UV-vis absorption and fluorescence emission spectroscopy. Compound (4) exhibited superior
photosensitization abilities in both solid and solution states, with a notably enhanced effect observed in the

solid state compared to the solution state.
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1. Introduction

Organic luminescent materials have garnered significant
attention in recent decades due to their potential
applications in organic electronics [1], optoelectronics
[2], bio/chemosensors [3-4], and bioimaging [5-6].
Typically, these compounds are required to function
effectively in solid-states [7-8]. This preference arises
because once they aggregate in the solid-state, their
fluorescence often diminishes rapidly or even fully
quenches due to aggregation-caused quenching (ACQ)
[9-10]. Various compounds, such as silole,
triphenylethene, and triarylamine derivatives, have been
synthesized and studied extensively for their ACQ
behavior [11-12]. However, the notorious ACQ
phenomenon severely limits the emission efficiency of
aggregates, posing a significant challenge in the practical
application of luminescent materials [13-14]. Luckily,
Tang and colleagues discovered an AIE phenomenon in
2001, which stands in direct contrast to ACQ [15].
Materials exhibiting AIE emit efficiently in aggregated
or solid states. This discovery has revolutionized the field
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by enabling the effective application of fluorescent
materials. Leveraging the beneficial AIE effect,
researchers have explored and developed optoelectronic
devices [16], fluorescence sensor systems [17], and
optical waveguides [18-21], all capable of efficient solid-
state emission. The discovery and understanding of AIE
have thus opened new avenues for creating more
effective luminescent materials that perform better in
real-world applications.

Fluorene, also known as 9H-fluorene (1), is a chemical
compound represented by the formula (CsHi).CH;
(Figure 1). This organic substance forms white crystals
that emit a purple fluorescence, hence its name derived
from this characteristic [22]. Fluorene-based dyes have
become integral in various technologies due to their
unique properties. These compounds feature a flat
biphenyl structure with an extensive n-conjugated
system, offering advantages such as solubility, distinct
photophysical characteristics, and ease of modification
[23-25]. As a result, fluorene derivatives have been
extensively studied and developed into probes for
applications in molecular dynamics and bioimaging,
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spanning monomers, polymers, and dendrimers. The
synthesis and potential applications of fluorene
derivatives have garnered significant attention,
establishing fluorene-based research as a prominent field
in recent years [22]. These derivatives play crucial roles
in materials science, finding widespread use in optical
and 3D data storage [26], organic light-emitting devices
[27], dye-sensitized solar cells [28], and nonlinear optical
devices for telecommunications [22]. Similarly, the
triphenylamine (TPA) nucleus holds considerable
importance in materials science due to its advantageous
thermal, electrochemical, photoelectric, and
photophysical properties [29]. Organic systems
incorporating the TPA donor structure are known for
their notable photophysical and optical attributes, such as
redox activity, efficient hole-conduction, high electron
mobility, stability, solubility, two-photon absorption
capability, high photoluminescent efficiency, and
excellent optoelectronic characteristics [30]. Hence, the
TPA scaffold is frequently favored as the electron-donor
unit in organic-based materials.

In this study, a novel fluorene derivative incorporating a
TPA moiety (4) was intentionally designed and
synthesized, as illustrated in Scheme 1. The synthesis
process and the detailed characterization of this
luminescent compound are extensively documented.
Furthermore, the photophysical properties of the
compound have been thoroughly investigated. Notably,
it demonstrates outstanding characteristics associated
with AIE. Moreover, the solid-state form of compound
(4) exhibits significantly enhanced fluorescence
compared to its solution state.
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Figure 1. Molecular structures of 9H-fluorene (1), 9H-
fluoren-9-one (2), and 4,4'-((9H-fluoren-9-ylidene)
methylene)bis(N,N-diphenylaniline) (4)

2. Experimental
2.1. Materials and equipment

The chemicals used for synthesis were employed without
further purification unless otherwise specified. We used
chemical substances bought from commercial sources
and deuterated solvent CDCI; for conducting NMR
spectroscopy. All reactions were conducted under an
argon atmosphere. The progress of the reactions was
monitored using thin-layer chromatography (TLC) plates
coated with silica gel. Purification of compounds were
done by using column chromatography with powdered
silica gel. The IR spectrum was acquired using a Perkin
Elmer Spectrum 100 FT-IR spectrophotometer. Mass
spectra were acquired on a Bruker Daltonics Microflex
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mass spectrometer. NMR spectra were recorded in
CDCls solutions using a Varian 500 MHz spectrometer.
Absorption spectra were measured on a Shimadzu 2101
UV spectrophotometer in the UV-Visible region.
Emission and excitation spectra were obtained using a
Varian  Eclipse  spectrofluorometer.  Fluorescence
lifetimes were measured with a Horiba- Jobin-Yvon-
SPEX Fluorolog 3-2iHR instrument.

2.2. Synthesis of 4,4'-((9H-fluoren-9-ylidene)
methylene)bis(N,N-diphenylaniline), Compound
(4)

The compound 9-(dibromomethylene)-9H-fluorene (3)
was synthesized from 9H-fluoren-9-one (2) according to
the literature [31]. To prepare compound (4), 500 mg
(2.49 mmol) of compound (3) was reacted with Pd(PPhs),
(47 mg, 0.044 mmol) and dissolved in 30 mL of DME
(dimethoxyethane) in a 100 mL flask. A solution
containing 4-(diphenylamino)phenylboronic acid (903
mg, 3.12 mmol) and Na;COs3 (473 mg, 4.46 mmol) in
degassed water (15 mL) was then added to the flask. The
mixture was heated under reflux for 24 hours. Once the
reaction finished, the mixture was treated tree times with
50 mL ethyl acetate. The organic layers were combined
and filtered on Na,SOs, and then concentrated under low
pressure. Crude product underwent purification via
column chromatography on silica gel using a solvent
mixture consisting of 10% ethyl acetate and n-hexane.
The resulting solid was recrystallized from a mixture of
CHCly/n-hexane (9:1), yielding compound (4) as yellow
solid, with ayield of 970 mg (98%). It exhibited a melting
point of 220°C. Elemental analysis showed the following
composition in wt.-% for CsoHssN2 (calculated): C
90.33%, H 5.46%, N 4.21%. The experimental values
were found to be C 90.26%, H 5.33%, N 4.15%,
indicating good agreement with the calculated values.
Spectral data for compound (4) included: FT-IR peaks at
vmax (cm™%): 3055, 3036, 1586, 1492, 1441, 1315, 1273,
751, 695. Mass spectrometry (MALDI-TOF) showed an
m/z value of 664.206 [M+]. 'H NMR spectrum (in
CDCls) displayed peaks at 6 ppm: 7.74 (d, J = 7.5 Hz,
2H), 7.34-7.19 (m, 32H), 6.95 (m, 2H). 3C NMR
spectrum (in CDCls3) showed peaks at 6 ppm: 148.08,
147.41, 131.56, 129.38, 124.94, 124.63, 123.40, 122.48,
119.22. These data collectively characterize the
synthesized compound (4), confirming its structure and

purity.
2.3. Photopyhsical measurements

UV-vis and fluorescence spectroscopy were employed to
study the photophysical properties of compound (4). The
absorption and emission profiles were investigated in
1x10% M solutions of various solvents including

tetrahydrofuran ~ (THF), ethyl  acetate  (EA),
dichloromethane (DCM), acetone (Ace),
dimethylformamide  (DMF), dimethyl sulfoxide
(DMSO), acetonitrile  (MeCN), ethanol (EtOH),
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methanol (MeOH), and n-hexane (n-Hex) (see Figure
S7). Among these solvents, DMF was identified as the
optimal choice due to its effective solubility for
compound (4). Further investigation focused on DMF
solutions, where absorption, emission and excitation
spectra of compound (4) were recorded at a concentration
of 1x10® M (see Figure 2). Additionally, solid-state
absorption and emission spectra of compound (4) were
examined (see Figure 3). The fluorescence quantum yield
(®g) of compound (4) was determined using the
comparative method with a standard reference, 9,10-
Diphenylanthracene (®r = 0.95 in EtOH), according to

Eq. (1) [32].

F-Ag
By = Op(Std) 254

2
td A 'nSm' (1)

In this equation, ®(Std) represents ®r of the reference
molecule. F and Fsig denote the integrated areas under the
fluorescence emission curves of compound (4) and the
reference molecule, respectively. A and Asy indicate the
absorbances of compound (4) and the reference molecule
at their respective excitation wavelengths. 12 and nsq are
the squares of the refractive indices of the solvents for
compound (4) and the reference molecule, respectively.
The solutions of both compound (4) and the reference
molecule were fixed at a concentration of 1x10% M for
this measurement. Additionally, the fluorescence lifetime
(tF) of compound (4) was directly measured and
analyzed using a mono exponential calculation method.

3. Results and Discussion
3.1. Synthesis and Characterization

The fluorene derivative (4) was synthesized through a
two-step reaction process outlined in Scheme 1. Initially,
the dibromine derivative (3) was synthesized by reacting
commercially available 9H-fluoren-9-one (2) with CBr,
and PPhs, following a procedure described in the
literature (Fig. S5-S6) [31]. Subsequently, fluorene
derivative (4) was obtained in high yield via a Suzuki
coupling reaction between dibromide derivative (3) and
2.1 equivalents of (4-(diphenylamino)phenyl) boronic
acid. The purity of compound (4) was confirmed through
various analytical techniques including FT-IR, matrix-
assisted MALDI-MS, *H NMR, 3C NMR spectroscopy,
and elemental analysis. Spectral data for compound (4)
are provided in the Supplementary Information (Fig. S1-
S4). All spectroscopic data corroborated the structure of
compound (4). The FT-IR spectrum of compound (4)
showed characteristic peaks indicative of its structure:
aromatic =C-H stretches at 3055 and 3036 cm™, aromatic
-C=C- stretch at 1586 cm™, and -C-N-C- stretch at 1273
cm (Fig. S1). The molecular ion peak observed in the
matrix-assisted MALDI-MS spectrum was 664.206 m/z,
which closely matched the calculated value for
compound (4) of 664.29 m/z (Fig. S2). In the 'H NMR
spectrum of compound (4), all expected aromatic proton
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signals appeared between 7.5-6.9 ppm (Fig. S3).
Similarly, the 3C NMR spectrum displayed aromatic
carbon and quaternary carbon signals within the range of
150-115 ppm (Fig. S4). These spectroscopic analyses
collectively confirmed the successful synthesis and
structural integrity of compound (4).

O. u (diphenylamino)phenyl)bor¢
Pd(Ph} Na,CO;

DME/H,0, refluxed

O.D
@L@
@(4)@

Scheme 1. Synthetic pathway of compound (4).

(98%)

3.2. Optical properties

Photophysical properties of compound (4) were
thoroughly investigated in various solvents at a
concentration of 1x10% M using UV-vis absorption and
emission spectroscopy (Fig. S5). In DMF, the absorption
spectrum of compound (4) displayed its maximum
absorption band at 302 nm. Upon excitation at 340 nm,
the emission spectrum showed a maximum emission
band at 402 nm (Fig. 2). In the solid-state, compound (4)
exhibited  different  absorption and  emission
characteristics compared to its DMF solution state (Fig.
3). Specifically, the emission wavelength shifted to 550
nm in the solid-state, indicating a red shift in emission
compared to the 402 nm observed in DMF solution (Fig.
3b). This shift often indicates differences in molecular
packing and environment between solution and solid
phases. ®¢ of compound (4) was determined to be 0.78 in
EtOH, using a comparative method with a standard
reference (Fig. 4). Additionally, the tF of compound (4)
was directly measured (Fig. 4). The tF value was
determined through mono exponential calculations to be
1.7 £ 0.005 ns, representing the characteristic time scale
of the fluorescence emission decay for the compound.
These results provide a comprehensive understanding of
the optical properties of compound (4), highlighting its
behavior in different solvent environments and in solid-
state conditions.
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Figure 2. Absorption, emission and excitation spectra
of compound (4) in DMF (Aexc:340 nm).
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Figure 3. Solid-state a) absorption b) emission spectra
of compound (4) (Aexc:340 nm).
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Figure 4. Fluorescence lifetime spectrum of compound

(4).
3.3. Aggregation induced emission

Indeed, compound (4) demonstrates interesting
photophysical properties, especially in mixed DMF-
water solvent systems where the polarity and aggregation
state can be tuned. Here's a breakdown of the
observations: UV-vis Absorption Spectra (Figure 5a): In
dilute DMF solution (1 x 108 M), compound (4) exhibits
an absorption peak at 402 nm. As the fraction of water in
the DMF-water mixture increases, the absorbance
intensity gradually decreases. There is also a slight red
shift observed in the absorption peak, particularly
noticeable in the 50% DMF-water mixture. Fluorescence
Emission Spectra (Figure 5b): The emission intensity of
compound (4) remains weak when the water fraction is
between 0% to 40% in the DMF-water mixture.
Interestingly, at 50% water content, deteriorations in the
emission profile start to appear, indicating possible
aggregation effects. Additionally, an increase in the
water fraction from 10% to 40% leads to a red shift in the
emission wavelength by approximately 16 nm. These
observations suggest that compound (4) exhibits
significant AIE characteristics. The AIE effect is
commonly observed in organic fluorophores where their
emission intensity increases as they aggregate in the
solid-state or in highly viscous environments, contrary to
their behavior in dilute solutions where emissions are
typically weaker due to non-radiative decay processes. In
the case of compound (4), the presence of water in the
DMF mixture seems to promote aggregation, leading to
enhanced emission intensity and a shift in emission
wavelength. These findings are crucial for understanding
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and potentially utilizing compound (4) in applications
where controlled emission properties are desired, such as
in sensing or imaging technologies.

10 R

Ty (vol %)

09
Fe (VOI %)
08

—_—
—1
—20
—30
a0
—11]

07

o

H
£os

Intensity (a.0)

Zo4

40

Wavelength (nm)
Figure 5. (a) Absorbance and b) emission spectra of
dilute solutions of compound (4) (1x10® M) in DMF-
water mixtures with different water contents (0-50%).
(Aexc= 340 nm).
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Figure 6. Photograph of a) solid-state sample and b)
DMF solution of (4) under 365 nm UV illumination.

4. Conclusion

A novel electron-rich n-conjugated organic compound
(4) featuring bis-TPA donor groups, and a fluorene core
was successfully designed and synthesized in high yield
through a two-step reaction process. The structural
characterization of compound (4) was rigorously
confirmed using FT-IR, MALDI-MS, 'H NMR, *C
NMR spectroscopy, and elemental analysis, all of which
confirmed its structure accurately. We conducted a
thorough investigation of photophysical features such as
absorption, emission, excitation, and fluorescence
lifetime using UV-vis and fluorescence spectroscopy
instruments. Compound (4) exhibited bright yellow
fluorescence in its solid-state form, indicating promising
optical properties. Moreover, through studies of its AIE
characteristics, it showed typical behavior where its
emission intensity increased significantly in aggregated
or solid-state environments compared to solution states.
The strong solid-state emission characteristics of
compound (4) suggest its potential for practical
applications where intense and stable fluorescence is
advantageous. Future studies will explore its mechano-
chromic properties, further expanding its potential utility
in responsive materials.
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