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In this study, we developed a D-A type imide derivative based on 1,8-naphthalimide, NI-mPCz, which

exhibited outstanding thermally activated delayed fluorescence (TADF) properties. Additionally, it

demonstrates characteristics of piezochromic and thermochromic luminescence. The thermochromic

luminescence observed is attributed to crystalline transformations occurring during the heating process,

as evidenced by differential scanning calorimetry (DSC) and microscopic examinations. Moreover, the
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good compatibility of NI-mPCz with Hela cells and its excellent imaging performance indicate its

potential for application in the field of biological imaging. These results provide valuable insights for the

DOI: 10.1039/d4ra02981;j

rsc.li/rsc-advances characteristics.

Introduction

In recent years, organic luminescent materials have garnered
extensive attention due to their widespread applications in
photonic devices,"* sensors,>* bioimaging,”” and therapeu-
tics.*®* Among these materials, thermally activated delayed
fluorescence (TADF) materials have been particularly high-
lighted for their potential to achieve 100% internal quantum
efficiency and to manufacture cost-effective organic light-
emitting diodes (OLEDs).'**®* However, the practical applica-
tion of TADF materials is constrained by challenges related to
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design and development of new organic electronic and bioimaging materials with high-efficiency TADF

material stability and the controllability of optoelectronic
properties,*** which are largely dependent on the polymorphic
behavior and phase transition characteristics of the materials.
Stimuli-responsive materials can alter their physical and/or
chemical properties in response to external stimuli or envi-
ronmental changes.”®** The design and synthesis of molecules
with such characteristics have garnered significant attention for
the development of advanced sensing materials. Through in-
depth study of the structures and response mechanisms of
these materials, it is possible to design and develop novel
stimuli-responsive materials with superior performance and
broad application prospects. These materials not only have
crucial applications in sensing, optoelectronic devices, and
information storage but also provide valuable theoretical and
practical insights for the design of future smart materials. By
further optimizing molecular design and synthesis methodol-
ogies, it is feasible to achieve more efficient and multifunctional
stimuli-responsive materials, thereby presenting new opportu-
nities for scientific research and technological development.
The luminescent properties of materials vary with tempera-
ture, leading to changes in their crystal structure, optical, and
electronic behaviors, which in turn affect their performance in
practical applications. Therefore, studying the temperature's
impact on polymorphism is crucial for understanding and
optimizing the performance of TADF materials.>** Despite
increasing interest in the polymorphism of organic luminescent
materials, there is still a lack of comprehensive understanding
of the polymorphic transformation mechanisms of specific
compounds and their effects on luminescent properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Against this backdrop, 1,8-naphthalimide derivatives, as
a class of important organic luminescent materials, have
attracted widespread attention due to their excellent electronic
and optical properties.*>** By finely tuning the molecular
structure of these compounds, such as introducing different
functional groups, their TADF characteristics can be effectively
regulated to optimize their performance.***

Previously, our research team synthesized red-emitting TADF
materials based on 1,8-naphthalimide derivatives.* In this
study, We altered the electron-donating component to carba-
zole and successfully synthesized NI-mPCz, which exhibited
blue-green TADF properties. Additionally, NI-mPCz exhibited
piezochromic and thermochromic luminescence characteris-
tics, attributed predominantly to the polymorphic trans-
formations occurring within its crystalline framework upon
heating. Moreover, considering the potential applications of
TADF materials in bioimaging, we further explored the poten-
tial application of this compound in cell imaging. Our research
not only provides new insights into the understanding and
utilization of the polymorphism of TADF materials but also
opens up new avenues for the design and optimization of high-
performance TADF luminescent materials through crystal
engineering, offering valuable guidance for their development
in bioimaging and other advanced application fields.

Results and discussion

A novel NI derivative, NI-mPCz, was synthesized via an amide
formation reaction and the Suzuki coupling (Scheme 1), as
depicted in Fig. 1a. The compound's structure was character-
ized by '"H NMR and '*C NMR, electron ionization (EI), and
high-resolution mass spectrometry (Fig. S1-S47t), and confirmed
by single-crystal X-ray diffraction analysis. The crystal structure,
illustrated in Fig. 1b, shows that NI-mPCz has a highly twisted
configuration, with a dihedral angle of 54.9° between the NI
unit and the bridging phenyl ring. This significant geometric
distortion facilitates the effective separation of the molecule's
HOMO and LUMO, further reducing the energy gap (AEsy) and
promoting delayed fluorescence. Time-dependent density
functional theory (TD-DFT) calculations, as shown in Fig. 1c,
further elucidate the crystal's conformation, demonstrating
a clear separation between the HOMO and LUMO. The HOMO is
predominantly localized on the carbazole moiety, while the
LUMO is mainly located on the NI unit, resulting in minimal
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Scheme 1 Synthetic route of NI-mPCz.
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Fig. 1 (a) Molecular structures of NI-mPCz. (b) Crystal structures of
NI-mPCz (CCDC 2344999). (c) The HOMO and LUMO orbital distri-
butions of NI-mPCz on TD-DFT at the B3LYP functional and 6-31G(d)
basis.

orbital overlap. The calculated AEgy for this structure is 0.34 eV,
which is essential for efficient reverse intersystem crossing
(RISC) and TADF emission. The HOMO and LUMO energy levels
of NI-mPCz are calculated to be —5.83 eV and —2.83 eV,
respectively.

The photophysical properties of NI-mPCz were thoroughly
examined, including its ultraviolet-visible (UV-vis) absorption,
fluorescence, and phosphorescence characteristics. As illus-
trated in Fig. 2a, the UV-vis absorption spectrum of NI-mPCz in
tetrahydrofuran (THF) solution shows pronounced absorption
bands between 275-306 nm, attributable to the w-7* transi-
tions of the locally excited (LE) state. The strong absorption
from 306-400 nm is associated with intramolecular charge
transfer (ICT) transitions. Molecules with a donor-acceptor (D-
A) structure in their excited state typically possess a relatively
large dipole moment, rendering them sensitive to solvent
polarization effects. Consequently, they may exhibit different
luminescence behaviors in solvents of varying polarities, dis-
playing a trend of red-shifting emission wavelengths with
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Fig. 2 (a) Normalized solution absorption in tetrahydrofuran (Solution
Abs. ¢ = 107> M), fluorescence (Flu., solid state) and phosphorescence
(Pho., solid state at 77 K) spectra (excitation wavelength: 365 nm) of NI-
mPCz; (b) normalized solution absorption (c = 107> M); (c) normalized
solution fluorescence (c = 10~° M) of NI-mPCz in different solvents.
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increasing solvent polarity. The photophysical properties of NI-
mPCz were probed in solvents with different polarities
(concentration ¢ = 10> M), including cyclohexane (cH), toluene
(tol), dichloromethane (DCM), acetone (Act), and methanol
(MeOH), and both its UV-vis absorption and fluorescence
spectra were obtained. As depicted in Fig. 2b and c, the UV-vis
absorption spectra of NI-mPCz are fairly consistent across
various solvents. The fluorescence spectra exhibit a red shift
with the increase in solvent polarity, indicating that the dipole
moment of the excited state increases with the solvent's
polarity, thereby confirming that the emission originates from
intramolecular charge transfer. The AEgr in the solid state was
determined from the onset wavelengths of the fluorescence and
phosphorescence spectra, with the AEgr value of NI-mPCz
calculated to be 0.03 eV. Such a small AEgy value is conducive
to efficient RISC processes, favoring highly emissive TADF in
the solid state.

The photoluminescence spectra of NI-mPCz powder were
measured in the range of 100-300 K. As shown in Fig. 3a, the
photoluminescence intensity of NI-mPCz increases with the
rising temperature from 100 K to 300 K. The emission lifetime
of NI-mPCz was investigated, revealing the presence of an
additional long-lived emission component in its fluorescence
decay curve in the solid state, as illustrated in Fig. 3. Notably,
the excited-state lifetime of NI-mPCz at 300 K was measured to
be 14.96 ps. Furthermore, the long-lived component in NI-
mPCz's fluorescence decay curve shows a gradual increase with
rising temperature. These findings provide evidence for the
existence of TADF in these materials.

The stimulus-responsive fluorescence properties of the solid-
state NI-mPCz were further investigated. As illustrated in
Fig. 4a, the luminescence color of NI-mPCz powder changes
from blue to green after being subjected to mechanical stimu-
lation, with the emission wavelength shifting from 499 nm to
524 nm. This red shift in mechanoluminescence is likely caused
by the disruption of the crystal structure, resulting in decreased
crystallinity, reduced intermolecular spacing, and enhanced 7t
T interactions.

Upon examining the effects of temperature on the lumines-
cence properties of NI-mPCz, As shown in Fig. 4b, it is observed
that the emission wavelength undergoes multiple shifts with
increasing temperature. Differing from conventional thermally-
induced chromatic transitions in luminescent materials, which
typically exhibit unidirectional red or blue shifts, NI-mPCz
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Fig. 3 (a) Fluorescence spectrum and (b) fluorescence intensity decay
curve of the solid state of NI-mPCz at different temperatures.
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Fig. 4 (a) The luminescence spectra of origin and ground powder; (b)
the luminescence spectra of NI-mPCz powder at various
temperatures.

demonstrates a complex thermochromic behavior. Specifi-
cally, the emission spectrum shifts from red to blue, and
then back to red again, over a temperature range from 140 °C to
270 °C.

To provide a reasonable explanation for this issue, we con-
ducted differential scanning calorimetry (DSC) measurements
to investigate the possible phase transition processes related to
temperature changes. The DSC curve shows three distinct
endothermic peaks, indicating multiple thermal transitions
(refer to Table 1 and Fig. 5b). This observation suggests that
during heating, NI-mPCz undergoes a series of melting and
recrystallization events, indicating the presence of various
crystalline forms that can interconvert through thermal treat-
ment. As depicted in Fig. 5a, TGA analysis of NI-mPCz reveals
a mass loss at 160 °C, aligning with the first melting peak

Table 1 The thermal conversion temperature of NI-mPCz

Tg (°C) Tm, (°C) Tm, (°C) Tm; (°C)
135 164 249 278
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Fig. 5 (a) The thermogravimetric analysis and (b) the differential

scanning calorimetry curves of NI-mPCz; (c) the XRD curve of single
crystal and powder.
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observed in the DSC analysis, suggesting partial decomposition
at this temperature. Comparative analysis of powder X-ray
diffraction (PXRD) and single-crystal X-ray diffraction (SCXRD)
results revealed similar diffraction patterns (as shown in
Fig. 5¢), suggesting that the powder and single-crystal forms
have similar crystal structures. The single-crystal structure of
NI-mPCz contains dichloromethane molecules, which are
released from the crystal upon heating to approximately 164 °C,
resulting in a transition from crystal form I to form II. At 249 °C,
crystal form II melts, followed by recrystallization between 260-
270 °C to form crystal form III. Finally, at 278 °C, crystal form III
melts, transitioning to an amorphous state.

To further explore the thermal behavior of NI-mPCz, we
utilized microscopy to observe its crystalline state changes
during the heating process, as shown in the Fig. 6. Within the
temperature range of 160 °C to 170 °C, NI-mPCz noticeably
transitions from a crystalline to a molten state. At 180 °C, the
compound reverts to its crystalline state. As the temperature
rises to 240 °C, melting begins to occur, and by 250 °C, the
proportion of the crystalline state increases. When the
temperature reaches 260 °C, the melting becomes more
pronounced, indicating that the compound has started to melt.
These findings clearly illustrate the multiple polymorphic
transformations of NI-mPCz throughout the heating process.

Therefore, it is evident that the spectral transformations
observed in NI-mPCz during the heating process are attribut-
able to multiple polymorphic transitions. As illustrated in
Fig. 4b, in the temperature range from 140 °C to 240 °C, the
emission wavelength of NI-mPCz progressively shifts towards
the red. This shift is primarily due to the gradual degradation of
the crystalline structure, resulting in denser molecular packing
and intensified 7t-7 interactions, which culminate in the noted
red-shifted luminescence. At 250 °C, NI-mPCz exhibits two
prominent emission peaks at 469 nm and 503 nm, indicating
that alongside the disintegration of the existing crystalline
framework, a new crystalline phase emerges, characterized by
blue-shifted emission peaks. Upon reaching 260 °C, the emis-
sion peak advances to 517 nm, signaling the onset of instability
within the crystal phase formed at 250 °C. At 265 °C, the
emission peak shifts further to 508 nm, with an additional
shoulder peak appearing at 479 nm, suggesting the formation
of a novel crystalline phase. Ultimately, at 270 °C, the emission
peak transitions to 525 nm, marking the crystalline form
developed at 265 °C transforming into an amorphous state.
These findings underscore the intricate relationship between
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Fig. 6 Microscopic photographs of NI-mPCz at different

temperatures.
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thermally induced structural changes and the luminescent
properties of NI-mPCz, emphasizing the potential of such
materials in applications that demand tunable emission
properties.

Thermally responsive luminescence is a fascinating
phenomenon realized through heating and cooling, with
significant applications in anti-counterfeiting, luminescent
thermometers, and thermal sensors due to its inherent advan-
tages of non-invasiveness, high sensitivity, and in situ
monitoring.**** The majority of thermochromic luminescent
materials reported in the literature are derived from
temperature-dependent structural relaxation or conformational
changes These materials exhibit
pronounced changes in luminescent properties in response to
temperature variations, enabling a wide range of applications.
However, studies on temperature-induced crystalline phase
transitions remain relatively scarce. Such phase transitions
typically entail substantial alterations in crystal structure, which

in the excited state.

can profoundly affect the optical and electronic properties of
the materials. Our research offers valuable insights into the
luminescence changes associated with crystalline phase tran-
sitions during heating. By thoroughly investigating these
transformation mechanisms, we can develop more efficient and
multifunctional thermochromic luminescent materials, thereby
creating new opportunities for scientific research and techno-
logical advancement.

Given its extended luminescence lifetime, NI-mPCz may be
advantageous for applications in biological imaging, where it
could significantly diminish interference from ambient fluo-
rescence. By utilizing a self-assembly method, NI-mPCz was
efficiently encapsulated within F127 polymer materials to form
stable nanoparticles. These nanoparticles were subsequently
introduced into the interior of cells through the mechanism of
endocytosis. As shown in Fig. 7, under bright-field microscopy,
the position of HeLa cells can be clearly observed. When
switching to the blue fluorescence channel, a bright blue fluo-
rescence signal can be seen emanating from within the cells,
indicating that the nanoparticles containing NI-mPCz not only
successfully entered the cells but also achieved effective light
emission inside the cells. This result demonstrates the potential
application of NI-mPCz nanoparticles in the field of biological
imaging, providing a valuable tool for further biomedical
research.

Fig. 7 (a) A bright field image of Hela cells; (b) an image of Hela cells
under the blue light channel.
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Experimental
Materials

6-Bromobenzo[de]isochromene-1,3-dione, aniline, palladium
acetate, potassium carbonate and (3-(9H-carbazol-9-yl)phenyl)
boronic acid were purchased from Aldrich. The other reagent
were purchased from Guangzhou Jincheng company. All the
materials and reagent were used as received.

Instrumentation

Hydrogen and carbon nuclear magnetic resonance spectra
(*HNMR and *CNMR) were recorded on a Bruker Avance III
NMR spectrometer using deuterated dimethyl sulfoxide as the
solvent and tetramethylsilane (TMS) as the internal reference.
Mass spectrometry analyses, including low-resolution electron
impact mass spectrometry (EI-MS) and high-resolution electron
impact mass spectrometry (EI-HRMS), were performed on
Thermo DSQ and Thermo MAT95XP instruments, respectively.
Ultraviolet-visible (UV-vis) absorption spectra were obtained
using a Hitachi U-3900 spectrophotometer, while photo-
luminescence (PL) spectra were acquired with an Ocean Optics
QE65 Pro spectrometer. Fluorescence lifetimes, temperature-
dependent lifetimes, time-resolved spectra, and fluorescence
quantum efficiencies were measured using a Horiba JY FL-3
combined steady-state/transient fluorescence spectrometer
equipped with a calibrated integrating sphere for quantum
efficiency assessments. Thermal properties were examined
using a Shimadzu TGA-50H thermogravimetric analyzer at
a heating rate of 20 °C min™' and a NETZSCH DSC 204 F1
differential scanning calorimeter at a heating rate of 10 °
Cmin~", both under a nitrogen atmosphere. Density Functional
Theory (DFT) calculations were performed with the Gaussian
09W program employing the B3LYP/6-31G(d) method and basis
set, and Time-Dependent Density Functional Theory (TD-DFT)
calculations were based on the B3LYP/6-31G(d) method. X-ray
powder diffraction measurements were conducted using
a Rigaku Miniflex600 instrument. Optical microscopy exami-
nations were performed with a Leica Microsystems DM2700P
microscope. X-ray single crystal diffraction analysis was carried
out using a Super Nova single crystal diffractometer. For cell
imaging studies, observations were made using a confocal
microscope.

Synthesis

6-Bromo-2-phenyl-1H-benzo[delisoquinoline-1,3-(2H)-dione
(NI-Br). In a typical procedure, a mixture of 4-bromo-1,8-
naphthalic anhydride (2.77 g, 10 mmol) and aniline (1.1 g,
11.8 mmol) was dissolved in 100 mL of acetic acid in a reaction
flask. The solution was refluxed overnight under an argon
atmosphere. After completion of the reaction, the mixture was
poured into 300 mL of water to precipitate the product. The
solid was then isolated by filtration and dried to obtain the final
product without further purification.*

6-(3-(9H-Carbazol-9-yl)phenyl)-2-phenyl-1 H-benzo[ de]iso-
quino-line-1,3(2H)-dione (NI-mPCz). A reaction mixture
comprising NI-Br (0.5 g, 1.42 mmol) and (3-(9H-carbazol-9-yl)
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phenyl)boronic acid (0.61 g, 2.13 mmol) was introduced into
a round-bottom flask and solubilized in 100 mL of tetrahydro-
furan. Subsequently, the solution was agitated under an inert
argon atmosphere for 30 minutes, after which an aqueous solu-
tion of potassium carbonate (1.5 g dissolved in 3 mL of water) was
added, followed by the introduction of 0.02 g of Pd(Ph;), as
a catalyst. The reaction mixture was then subjected to reflux under
an argon blanket for a duration of 6 hours. Upon cooling to
ambient temperature, the reaction mixture was diluted with
50 mL of water and subjected to liquid-liquid extraction using
methylene chloride, performed thrice. The combined organic
extracts were dried over anhydrous sodium sulfate, filtered, and
the solvent was removed under reduced pressure. The resulting
crude product was subjected to purification via column chroma-
tography on silica gel, employing a mixture of dichloromethane
and hexane (v/v = 1/2) as the mobile phase. This purification
process yielded 0.64 g of the desired product NI-mPCz, corre-
sponding to a yield of 88%. "H NMR (500 MHz, DMSO) 8.57 (1H,
d,J7.5), 8.48 (1H, d, J 8.4), 8.27 (1H, d, J 7.7), 8.01 (1H, d, J 7.5),
7.99-7.91 (1H, m), 7.86 (1H, d, ] 8.1), 7.81 (0H, s), 7.75 (1H, d, ] 7.6),
7.56 (2H, dd, j 15.0, 7.9), 7.48 (2H, t,] 7.7), 7.41 (1H, d, ] 7.2), 7.32
(1H,t,] 7.3). *C NMR (126 MHz, DMSO) 6 164.15, 163.92, 145.42,
140.69, 140.54, 137.88, 136.43, 132.66, 131.33, 131.17, 130.83,
129.89, 129.57, 129.35, 128.87, 128.71, 128.25, 128.15, 127.30,
126.86, 123.54, 123.34, 122.72, 121.05, 120.72, 110.20, 40.50,
40.33, 40.16, 40.00, 39.83, 39.66, 39.49. HRMS, m/z: [M] + calcd for
C36H,4N,0,, 514.1681; found, 514.1673.

Conclusions

In this study, we synthesized and characterized the D-A type
imide derivative NI-mPCz, featuring a robust electron-accepting
1,8-naphthalimide unit and a non-planar, potent electron-
donating carbazole unit, demonstrating pronounced TADF
properties. NI-mPCz exhibits unique thermochromic lumines-
cence, distinct from traditional thermochromic luminescent
materials, as it does not show a straightforward unidirectional
red or blue shift upon heating. Instead, between 140 °C and
270 °C, its emission spectrum undergoes sequential shifts:
initially red, followed by blue, and then reverting to red.
Through DSC analysis, we examined the endothermic and
exothermic behaviors during the heating process, and micro-
scopic investigations revealed multiple transitions between
crystalline states, suggesting complex thermal behavior and
phase transitions in NI-mPCz. Although the complete single-
crystal structure of NI-mPCz eluded us, our research provides
a novel example for understanding piezochromic and thermo-
fluorochromism. Through further optimization of molecular
design and synthesis methods, we can develop more efficient
and multifunctional stimuli-responsive materials, thereby
creating new opportunities for scientific research and techno-
logical advancement. Additionally, the good compatibility of NI-
mPCz with HeLa cells and the excellent imaging results indicate
the potential of this material in the field of biological imaging.
These findings provide valuable insights for the development of
new organic electronic and bioimaging materials with efficient
TADF properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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