
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

3:
40

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Molecular design
aState Key Laboratory of Oncology in Sout

Research Center for Cancer, Sun Yat-sen

510060, China
bDepartment of Nuclear Medicine, Sun Yat-s

510060, China
cDepartment of Ultrasound, The Fih Affi

Zhuhai, 519000, China
dDepartment of Interventional Medicine, G

Biomedical Imaging, The Fih Affiliated H

519000, China
eShenzhen Key Laboratory of Systems Medic

Medicine, Shenzhen Campus of Sun Yat-

Shenzhen, 518107, China
fDepartment of Otolaryngology Head and Ne

Sun Yat-sen University, Guangzhou, 510655
gGuangzhou Institute of Chemistry, Chinese A

China. E-mail: wuynan@foxmail.com
hHengyang Aijie Technology Co, Ltd., Hengy

† Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d4ra05807k

‡ Co-rst authors.

Cite this: RSC Adv., 2024, 14, 32221

Received 10th August 2024
Accepted 7th October 2024

DOI: 10.1039/d4ra05807k

rsc.li/rsc-advances

© 2024 The Author(s). Published by
and functional outcomes of RTP
and TADF traits in isomers†

Meiling Chen,‡ab Yuzhuo Chen,‡cd Ting Zhang,e Hua Zhang,e Zhiwen Xiao,f

Zhongzhen Su *cd and Yunan Wu *gh

This study reports the synthesis and photophysical analysis of three isomeric compounds, namely 3Fmo,

3Fmm, and 3Fmp, which were engineered using carbazole as the electron donor, phthalimide as the

electron acceptor, and a benzene ring as the bridging moiety. Among these, 3Fmm was distinguished by

its ability to exhibit immediate room-temperature white phosphorescence following the cessation of UV

illumination, whereas 3Fmo and 3Fmp demonstrated TADF properties. Crystallographic analysis revealed

unique intermolecular p–p stacking interactions within 3Fmm, absent in the other two isomers.

Advanced TD-DFT computations indicated that such p–p stacking in 3Fmm not only facilitates

intersystem crossing but also effectively reduces the free volume within the crystal, leading to a decrease

in non-radiative transitions. These molecular interactions promote the manifestation of room-

temperature phosphorescence. Furthermore, leveraging the superior luminescent properties of 3Fmo,

the compound was successfully utilized in cellular imaging, where it achieved excellent imaging results,

showcasing its potential for biomedical applications.
Introduction

Triplet excitons are pivotal due to their extensive applications in
sensors,1–3 biological imaging,4–6 and organic light-emitting
diodes (OLEDs).7–10 Various methodologies have been investi-
gated for the effective harvesting of triplet excitons within
purely organic luminophores.11–13 One prevalent method
involves the conversion of triplet excitons into uorescent
singlets via thermally activated delayed uorescence
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(TADF),14–17 necessitating a molecular architecture that mini-
mizes orbital overlap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). Alternatively, phosphorescence can be facilitated
through radiative decay of triplet excitons.18,19 This approach
mandates the integration of aromatic aldehyde groups,20

carbonyl groups,21,22 or heavy halogens23–26 to enhance spin–
orbit coupling (SOC), thereby promoting efficient intersystem
crossing (ISC). Organic room temperature phosphorescence
(RTP) refers to phosphorescence that can be observed at
ambient conditions, oen continuing to emit light even aer
the excitation source is turned off. RTP materials stabilize
triplet excited states by optimizing molecular structures and
microenvironments, enabling long-lived phosphorescence
without the need for heavy metals. The unique feature of RTP is
its long emission delay, which lends itself to important appli-
cations in anti-counterfeiting, data encryption, and bioimaging.
To mitigate non-radiative relaxation of excited states, strategies
such as crystallization,27–29 incorporation within rigid
matrices,30–32 leveraging effective intermolecular interac-
tions,33,34 or utilizing deuterated carbon are employed,35,36

enhancing the photoluminescent quantum efficiency and
longevity of the emitted light.

However, the relationship between the properties of TADF
and phosphorescence and their aggregation states has not been
thoroughly explored. Recently, Yang and colleagues demon-
strated the coexistence of dual emission pathways for TADF and
RTP in crystalline forms, attributed to separate monomeric and
dimeric states.37 Tang et al. reported on the RTP properties of
RSC Adv., 2024, 14, 32221–32228 | 32221
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Scheme 1 Synthetic route of products.
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View Article Online
three carbazolyl benzoate isomers, nding that the meta isomer
exhibited longer RTP lifetimes.38 An and colleagues developed
an isomeric strategy to enhance RTP efficiency through the
formation of intermolecular p-type halogen bonds, achieving
lifetimes of approximately 150 ms.39 Bryce et al. achieved
a switch between RTP and thermally activated delayed uores-
cence by controlling methyl isomerization. The optoelectronic
properties of organic luminescent materials hinge both on their
molecular chemistry and their physical packing congura-
tions.40 Thus, exploring the inuence of molecular aggregation
on controlling RTP and TADF emissions is crucial.

The aromatic-imide group, characterized by its rigid p-
conjugated structures and potent electron-withdrawing prop-
erties, is extensively utilized in the development of organic
luminescent materials.41–45 In this study, we utilized phthali-
mide as the electron acceptor, carbazole as the electron donor,
and a benzene ring as the conjugated p-bridge. Carbazole was
strategically positioned at different sites on the benzene ring to
design and synthesize three isomeric compounds: 3Fmo,
3Fmm, and 3Fmp. Our ndings indicate that 3Fmo and 3Fmp
exhibited the properties associated with TADF, whereas the
meta-substituted compound, 3Fmm, was characterized by
pronounced RTP traits. Remarkably, an immediate white
aerglow was observed upon deactivation of the UV light.
Alterations in the substitution sites not only modulated the
excited-state electronic structure of the monomers but also
inuenced the molecular packing within the crystals, thereby
facilitating the ne-tuning of both TADF and RTP phenomena.
Results and discussion

The three specied molecules, designated as 3Fmo, 3Fmm, and
3Fmp, possess a donor–acceptor (D–A) conguration, with
carbazole serving as the donor and phthalimide as the acceptor,
linked via a benzene ring forming the conjugated p-bridge
(refer to Fig. 1). These molecules were synthesized through
straightforward procedures involving amide formation and
Suzuki coupling reactions (depicted in Scheme 1). Compre-
hensive structural conrmation was obtained through various
spectroscopic methods including 1H NMR, 13C NMR, and high-
resolution mass spectrometry (HR-MS), along with electron
ionization (EI) techniques (illustrated in Fig. S1–S16†). The
crystallographic structures were denitively established via
single-crystal X-ray diffraction analysis (CCDC 2353412–
2353414†).

To gain a deeper understanding of the photophysical prop-
erties of these three newly synthesized compounds, their
absorption spectra, photoluminescence spectra, and excited-
Fig. 1 Chemical structure of 3Fmo, 3Fmm and 3Fmp.

32222 | RSC Adv., 2024, 14, 32221–32228
state lifetimes were characterized in dilute tetrahydrofuran
solutions (concentration of 10−5 M), as shown in Fig. 2. At
292 nm, all three compounds exhibited absorption peaks cor-
responding to the p–p* transitions of carbazole; 3Fmp dis-
played signicant CT absorption peaks within the 300–400 nm
range, while 3Fmo and 3Fmm exhibited relatively weaker CT
peaks between 300 and 350 nm. In tetrahydrofuran, the emis-
sion wavelengths of 3Fmo, 3Fmm, and 3Fmp were respectively
517 nm, 528 nm, and 542 nm, with corresponding lifetimes of
19.32 ns, 9.73 ns, and 3.38 ns. Although the positions of these
absorption peaks remained nearly constant with changes in
solvent polarity, indicating negligible electronic interaction
between the ground state and the solvent, the emission bands
signicantly red-shied with changes in solvent polarity,
demonstrating a typical solvatochromic effect attributed to ICT
transitions (Fig. S17–S19†). For example, the emission band of
3Fmo shied from 424 nm to 560 nm when the solvent was
changed from cyclohexane to dichloromethane. To further
elucidate the ICT process, quantum mechanical computations
were performed using Gaussian 09 soware to analyze the
electron cloud distribution of the three isomers. As shown in
Fig. S24,† the analysis revealed that the electron cloud of the
Fig. 2 The compound in dilute tetrahydrofuran solution (c = 10−5 M)
for: (a) UV-visible absorption spectrum; (b) fluorescence spectrum; (c)
time-resolved PL-decay profiles of 3Fmo (at 517 nm), 3Fmm (at 528
nm) and 3Fmp (at 542 nm). All of these were obtained under ambient
conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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HOMOwas predominantly located on the carbazole units, while
that of the LUMO was concentrated on the phthalimide units,
and the effective separation between HOMO and LUMO facili-
tated the ICT transition.

We conducted an advanced examination of the photo-
physical characteristics of the target compounds under condi-
tions of molecular aggregation. As delineated in Fig. 3, the peak
emissions of the powdered spectra for 3Fmo, 3Fmm, and 3Fmp
occur at 494 nm, 456 nm, and 468 nm, respectively. These
ndings highlight a marked divergence in the PL proles of
these compounds in the solid state compared to their behavior
in dilute solutions, which is likely attributable to their aggre-
gated states. The aggregation of molecules facilitates the
coupling and splitting of initially degenerate molecular orbitals,
leading to the formation of novel molecular orbitals. This
differential aggregation alters the luminescence characteristics
signicantly, as evidenced by varying emission behaviors in
aggregated versus solution states. These discrepancies likely
stem from distinct aggregation modes that result in heteroge-
neous orbital reorganizations among the compounds. Such
reorganizations profoundly inuence the optical properties,
manifesting in distinct absorption and emission proles in the
aggregated state. Conrmation of these effects can be obtained
through the analysis of UV absorption and excitation spectra in
the solid state. In these solid-state spectra, 3Fmo and 3Fmp
exhibit maximum absorption peaks at 429 nm and 421 nm,
respectively, whereas 3Fmm presents its peak at 378 nm,
signifying the highest energy state among them when aggre-
gated. The excitation spectra further corroborate these ndings,
with 3Fmm displaying the shortest excitation wavelength at
385 nm. In contrast, the excitation wavelengths for 3Fmo and
3Fmp are observed at 486 nm and 454 nm, respectively. As
depicted in Fig. 3d, all three compounds demonstrate uores-
cence lifetimes at the microsecond scale, with 3Fmo at 2.55 ms,
3Fmm at 59.6 ms, and 3Fmp at 11.7 ms. This sustained emission
Fig. 3 Photophysical properties of isomers in the aggregated state: (a)
fluorescence spectra; (b) solid-state ultraviolet-visible absorption
spectra; (c) excitation spectra and emission spectra; (d) transient decay
curves.

© 2024 The Author(s). Published by the Royal Society of Chemistry
duration may implicate the involvement of triplet excitons in
their luminescent processes.

Upon deactivation of the UV lamp, both 3Fmo and 3Fmp
cease luminescence, whereas 3Fmm maintains its glow for
several seconds (refer to Fig. 4a). Under UV irradiation, 3Fmm
exhibits a bright blue emission. When the UV source is
removed, it initially displays a white emission, which progres-
sively transitions to yellow before gradually diminishing and
ultimately extinguishing. This behavior suggests that the
phosphorescence of 3Fmm may involve diverse luminescent
centers.

The phosphorescence spectrum of the compound 3Fmmwas
investigated and the results are presented in Fig. 4b. The
spectrum exhibited multiple emission peaks at wavelengths of
470 nm, 550 nm, and 600 nm. Detailed analysis through time-
resolved spectroscopy revealed disparate decay kinetics across
these peaks. Measurements conducted using a Horiba inte-
grated uorescence spectrometer ascertained the lifetimes
associated with these emission peaks. Notably, the lifetime at
470 nm was signicantly shorter, registered at 99 milliseconds,
whereas the emissions at 550 nm and 600 nm displayed nearly
identical lifetimes of approximately 0.39 seconds, indicative of
a common luminescent origin. The more rapid decay at 470 nm
led initially to a white light phosphorescence emission at
ambient temperature following the deactivation of the UV light
source. As the emission progressed, the relative intensity of the
470 nm peak diminished, resulting in a gradual transition of
the emitted light from white to yellow before ultimately ceasing.
This observation underscores the presence of dual luminescent
centers within 3Fmm, which are responsible for the dynamic
shis observed in the phosphorescence color spectrum.

The emission spectra and lifetimes of 3Fmm were measured
at various temperatures, as depicted in Fig. 5. At 100 K and 200
K, phosphorescence peaks at 550 nm and 600 nm were
observed; however, these peaks were not detected at 300 K. This
absence is likely due to an increase in non-radiative transitions
with rising temperature, which signicantly reduces the phos-
phorescence intensity relative to uorescence, rendering the
Fig. 4 (a) Photographic documentation of 3Fmm exposed to ultravi-
olet light and in the absence of ultraviolet illumination; the phospho-
rescent characteristics of 3Fmm powder are delineated as follows: (b)
phosphorescence spectrum at ambient temperature; (c) transient
decay profiles for distinct emission peaks.

RSC Adv., 2024, 14, 32221–32228 | 32223
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Fig. 5 The properties of 3Fmm powder are described as follows: (a)
temperature-variable spectroscopic profiles; (b) temperature-depen-
dent lifetimes of the excited state corresponding to the 456 nm
emission peak; (c) temperature-dependent lifetimes of the excited
state corresponding to the 470 nm emission peak; (d) temperature-
dependent lifetimes of the excited state corresponding to the 550 nm
emission peak.

Fig. 6 The phosphorescence spectra of the 3Fmm compound in
powder form at room temperature and 77 K, as well as in dilute
solution at 77 K.

Fig. 7 (a) Steady-state spectra; (b) spectra after the removal of the UV
lamp; (c) X-ray powder diffraction patterns of 3Fmm powder and the
quenched sample.
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phosphorescence peaks indiscernible in the steady-state
spectra. Additionally, the intensity of the steady-state spectra
was found to be consistent across different temperatures,
indicating that the triplet excitons in 3Fmm are predominantly
involved in phosphorescence rather than TADF. Lifetimes
measured at 456 nm, which remained nearly constant across
temperatures, further conrm the absence of TADF character-
istics in 3Fmm. Furthermore, when comparing lifetimes at
470 nm and 550 nm, a signicant reduction was observed with
increasing temperature, demonstrating that the triplet excitons
are highly sensitive to temperature and are rapidly quenched at
higher temperatures.

To further elucidate the origin of this ultra-long-lived phos-
phorescence, we initially examined 3Fmm in dilute solution
and observed that RTP was absent under these conditions. This
observation suggests that 3Fmm requires an aggregated state to
manifest RTP. Upon further cooling of the dilute solution to 77
K using liquid nitrogen, pronounced phosphorescence was
detected. The corresponding phosphorescence spectra were
recorded and compared with those obtained from the powdered
sample at 77 K and at room temperature. The comparison
revealed notable discrepancies between the spectra of the
powder and the dilute solution at 77 K. In general, the phos-
phorescence spectra of a dilute solution at 77 K are considered
indicative of single-molecule phosphorescence. This is because,
in dilute solutions, uorescent molecules are surrounded by
solvent molecules, which signicantly reduces the likelihood of
close molecular interactions. Consequently, the observed
emission predominantly originates from single molecules. As
illustrated in Fig. 6, the phosphorescence emission peak of
3Fmm in dilute solution is centered at 528 nm. In the aggre-
gated state, the phosphorescence spectrum of 3Fmm is char-
acterized by multiple emission centers. At 77 K, the emission
32224 | RSC Adv., 2024, 14, 32221–32228
peak differs markedly from that observed at room temperature.
Specically, the 530 nm peak present at 77 K is absent at room
temperature, indicating that the 530 nm phosphorescence at 77
K likely arises from single-molecule phosphorescence. In
contrast, the phosphorescence peaks at 550 nm and 600 nm,
which occur at lower energy levels compared to the single-
molecule phosphorescence, are likely due to intermolecular
electronic coupling in the aggregated state. These lower energy
phosphorescence emissions are consistent with the yellow RTP
observed at room temperature.

To investigate the effect of aggregation on the RTP of the
3Fmm compound, we heated the 3Fmm powder to melt it, then
rapidly cooled it using liquid nitrogen. It was observed that the
quenched sample did not exhibit RTP. X-ray powder diffraction
was employed to analyze the crystallinity of the samples before
and aer quenching, as shown in Fig. 7. The original sample
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Interactions of dimermolecules in crystals: (a) 3Fmo; (b) 3Fmm;
(c) 3Fmp; intersystem crossing pathways in single-molecular model:
(d) 3Fmo; (f) 3Fmm; (h) 3Fmp; intersystem crossing pathways in dimer
model: (e) 3Fmo; (g) 3Fmm; (i) 3Fmp.
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was crystalline, while the quenched sample was amorphous.
The uorescence spectra of the samples before and aer
quenching were collected, revealing a signicant red shi in the
emission peak of 3Fmm in the amorphous state to 530 nm. The
absence of RTP in the amorphous sample obtained aer
quenching suggests that, in addition to requiring molecular
packing, 3Fmm also necessitates a specic ordered structure to
exhibit room-temperature phosphorescence.

Based on the experimental results, the room-temperature
phosphorescence (RTP) process of 3Fmm can be illustrated as
shown in the schematic diagram (Fig. S20†): upon excitation,
3Fmm generates singlet excitons (S1), which then undergo
intersystem crossing to form triplet excitons (T1). The triplet
excitons of the individual molecules further stabilize, tran-
sitioning to an electronically coupled multi-molecular state
(Tn*), ultimately returning to the ground state via radiative
transition, thereby producing phosphorescence. The phospho-
rescence emission peak of the single molecules is at 528 nm,
while the 470 nm peak in 3Fmm has higher energy and is close
to the uorescence peak at 456 nm. Therefore, it can be inferred
that the emission at 470 nm originates from uorescence
generated by the annihilation of triplet excitons, as illustrated
in Fig. S21.†

As isomeric derivatives of 3Fmm, 3Fmo and 3Fmp did not
exhibit the characteristics of long-lived room temperature
phosphorescence. Consequently, we investigated whether the
triplet excitons in these compounds exist in the form of TADF.
By examining the temperature-dependent lifetimes of these
compounds in their powdered state (refer to Fig. S22 and S23†),
we observed an increase in the proportion of long-lived excitons
at higher temperatures, which aligns with the typical charac-
teristics of TADF. Therefore, the triplet excitons in 3Fmo and
3Fmp predominantly convert into delayed uorescence via
reverse intersystem crossing.

Despite sharing the same electron donors and acceptors,
room-temperature phosphorescence is predominantly exhibi-
ted by 3Fmm, while TADF characteristics are displayed by 3Fmo
and 3Fmp. To further investigate the underlying factors inu-
encing these properties, the solution evaporation technique was
employed to prepare and analyze the single crystals of these
compounds. By examining the crystal structures and intermo-
lecular interactions, their luminescent mechanisms were
explored. Using Gaussian 09 soware and time-dependent
density functional theory (TD-DFT), the electronic structures
of the molecules within the crystals were calculated, as depicted
in Fig. S22.† The HOMO of the compounds are mainly located
on the carbazole units, whereas the LUMO are primarily situ-
ated on the imine rings, facilitating effective separation
between HOMO and LUMO. The molecule of 3Fmo is charac-
terized by a “U”-shaped and considerably distorted structure; in
contrast, the structure of 3Fmp is linear. Variations in substit-
uent positions are found to alter the extent of ICT. Additionally,
the degree of molecular distortion varies among these
compounds. Charge distribution in these crystals was also
analyzed, with results presented in Table S5.† According to the
data, the largest energy gap is possessed by 3Fmm, resulting in
the highest levels of uorescence and phosphorescence energy,
© 2024 The Author(s). Published by the Royal Society of Chemistry
which correlate with the shortest uorescence emission wave-
length, consistent with experimental results. By measuring the
uorescence spectra of the three compounds and their phos-
phorescence spectra in dilute solutions at 77 K, the S1 and T1

energy levels of the compounds were determined, as illustrated
in Fig. S26–28.† It is evident that 3Fmo and 3Fmp exhibit rela-
tively small DEST values of 0.12 eV and 0.23 eV, respectively,
which favor the conversion of T1 excitons to S1 via reverse
intersystem crossing, thereby leading to delayed uorescence.
Conversely, 3Fmm exhibits a larger DEST of 0.46 eV, which
hinders the conversion of T1 excitons to S1. However, S1 excitons
can convert to T1 excitons, resulting in room-temperature
phosphorescence.

Based on earlier ndings, room-temperature phosphores-
cence is exhibited exclusively in the crystalline state of 3Fmm,
requiring a particular ordered arrangement of its structure.
Various stacking congurations of these three compounds in
their crystal forms were investigated (refer to Fig. 8a–c), and it
was noted that p–p interactions are present only in 3Fmm, with
no such interactions observed in 3Fmo and 3Fmp. This obser-
vation prompts an investigation into whether p–p stacking
interactions are essential for enabling room-temperature
phosphorescence. Consequently, detailed theoretical calcula-
tions on the dimer structures of these compounds were per-
formed using the TD-DFT approach in Gaussian 09 soware. As
depicted in Fig. 8d–i, while limited pathways for intersystem
crossing are exhibited by the monomeric models of these
RSC Adv., 2024, 14, 32221–32228 | 32225
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Fig. 9 Free volume area in the single crystal cells of: (a) 3Fmo; (b)
3Fmm; (c) 3Fmp.

Fig. 10 (a) A bright field image of HeLa cells; (b) an image of HeLa cells
under the green light channel.
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compounds, a notable increase in these pathways is evident in
the dimeric models, particularly in that of 3Fmm. This increase
suggests that electronic coupling is more likely to occur among
adjacent molecules in the dimeric models, signicantly inu-
encing intersystem crossing. In the dimer model of 3Fmm, the
efficiency of intersystem crossing is greatly enhanced by the p–

p interactions. Moreover, these p–p interactions effectively
mitigate the vibrational motion of the excited-state molecules,
thereby curbing non-radiative transitions. Hence, it is proposed
that intermolecular p–p interactions play a crucial role in
facilitating room-temperature phosphorescence.

During molecular design, we hypothesized that the degree of
molecular distortion increases progressively from 3Fmp to
3Fmm and then to 3Fmo, resulting in a gradual reduction in the
DEST. A smaller DEST is conducive to enhancing the RISC
process, thereby favoring the manifestation of TADF charac-
teristics. Thus, we anticipated that molecules with greater
structural distortion would be more likely to exhibit TADF
properties. However, experimental results revealed that 3Fmp
and 3Fmo indeed demonstrated TADF behavior, whereas 3Fmm
exhibited RTP characteristics, deviating from our initial expec-
tations. Through single-crystal structural analysis, we observed
signicant differences in the packing arrangements of 3Fmp,
3Fmm, and 3Fmo, suggesting that the luminescent properties
of these compounds are inuenced not only by their individual
molecular structures but also by their supramolecular packing
modes. Specically, variations in molecular packing can
signicantly modulate the nature and strength of intermolec-
ular interactions, thereby exerting a profound impact on lumi-
nescent behavior. These ndings underscore the critical
importance of considering molecular packing effects in the
design of luminescent materials.

Another approach to enhancing room-temperature phos-
phorescence involves minimizing non-radiative transitions.
Typically, molecular chemical bonds exhibit vibrations and
rotations that can dissipate the energy of excited-state mole-
cules non-radiatively. When molecules are densely packed, this
movement is curtailed, leading to a reduction in non-radiative
transitions. During crystal formation, in addition to the
spaces occupied by atoms, there is a considerable amount of
unoccupied space within the crystal lattice, known as free space.
The reduction in free space correlates with more constrained
molecular vibrations and rotations, thereby decreasing non-
radiative transition pathways and enhancing luminescence
efficiency. The free volume fractions of these three compounds
were calculated using a 1 Å diameter probe in Materials Studio,
as illustrated in Fig. 9. The ndings revealed that the free
volume fraction for 3Fmo is 14.2%, while 3Fmm is so compactly
packed that gaps measurable by a probe larger than 1 Å in
diameter are absent, and 3Fmp has a free volume fraction of
10.5%. Consequently, the low free volume fraction in 3Fmm
suggests signicant restrictions on the molecular vibrations
and rotations, which diminishes non-radiative transition
pathways, thereby facilitating the observation of room-
temperature phosphorescence.

Given the TADF properties of 3Fmo, its utility in biological
imaging was investigated. Utilizing a self-assembly approach,
32226 | RSC Adv., 2024, 14, 32221–32228
3Fmo was encapsulated within the amphiphilic block copol-
ymer F127 to form nanoparticles. These nanoparticles were
subsequently internalized by cells through the endocytic
pathway. As delineated in Fig. 10, under bright eld micros-
copy, the positional context of HeLa cells is clearly discernible.
Upon transition to the green uorescence channel, emission
from the cells was observed, indicating that the 3Fmo-con-
taining nanoparticles had effectively penetrated the cells and
were functional in situ. These ndings highlight the potential of
3Fmo as a uorescent probe for bioimaging applications,
leveraging its TADF capabilities.
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

Nuclear magnetic resonance spectra, including hydrogen (1H
NMR) and carbon (13C NMR), were obtained using a Bruker
Avance III NMR spectrometer with deuterated dimethyl sulf-
oxide (DMSO-d6) as the solvent and tetramethylsilane (TMS) as
the internal standard. Mass spectrometric evaluations, encom-
passing both low-resolution and high-resolution electron
impact techniques (EI-MS and EI-HRMS), were conducted on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thermo DSQ and Thermo MAT95XP systems, respectively.
Ultraviolet-visible (UV-vis) absorption spectra were captured
using a Hitachi U-3900 spectrophotometer, and photo-
luminescence (PL) spectra were gathered with an Ocean Optics
QE65 Pro spectrometer. Measurements of uorescence life-
times, temperature-dependent lifetimes, time-resolved spectra,
and uorescence quantum efficiencies were performed with
a Horiba JY FL-3 combined steady-state/transient uorescence
spectrometer, equipped with a calibrated integrating sphere for
quantum efficiency determination. Thermal analyses were
conducted using a Shimadzu TGA-50H thermogravimetric
analyzer and a NETZSCH DSC 204 F1 differential scanning
calorimeter, both under a nitrogen atmosphere, with heating
rates of 20 °C min−1 and 10 °C min−1, respectively. Density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations were carried out using the
Gaussian 09 soware with the B3LYP/6-31G(d) method and
basis set. X-ray powder diffraction was performed on a Rigaku
Miniex600 instrument, while optical microscopy examinations
utilized a Leica Microsystems DM2700P microscope. X-ray
single crystal diffraction analysis was executed on a Super
Nova single crystal diffractometer. For cellular imaging studies,
observations were made using a confocal microscope.
Synthesis

Synthesis of 5-bromo-2-(4-(triuoromethyl)phenyl)isoindoline-
1,3-dione (3FmBr). 5-Bromoisobenzofuran-1,3-dione (6.00 g, 16.2
mmol) were added to a 250mL round-bottom ask dissolved with
200 mL acetic acid. Then 4-(triuoromethyl)aniline (3.13 g, 19.5
mmol) were added to the ask. Aer reux overnight, the mixture
were poured into water to quench the reaction, then extracted
with 3 × 60 mL DCM.

The crude product was puried by column chromatography
on silica gel with dichloromethane and normal hexane (v/v = 1/
2) as eluent. Aer that 5.39 g white powder 3FmBr were got with
a high yield of 90%. 1H NMR (500MHz, DMSO-d6) d 8.20 (d, 1H),
8.12 (dd, 1H), 7.92 (dd, 3H), 7.71 (d, 2H). 13C NMR (126 MHz,
DMSO) d 166.40, 165.83, 138.01, 135.90, 134.02, 130.98, 128.83,
128.57, 128.22, 126.91, 126.49, 126.46, 125.88, 125.55, 123.3. 19F
NMR (470 MHz, DMSO-d6) d −61.00. MS (EI, m/z): [M]+ calcd for
C15H7BrF3NO2: 368.9612. Found: 368.9604.

Synthesis of 5-(2-(9H-carbazol-9-yl)phenyl)-2-(4-(triuoro
methyl)-phenyl)isoindoline-1,3-dione (3Fmo). A mixture of
3FmBr (1.00 g, 2.70 mmol) and (2-(9H-carbazol-9-yl)phenyl)
boronic acid (0.93 g, 3.24 mmol) were added to a three-necked
ask, dissolved with 80 mL THF. Aer stirred under nitrogen
30 min, 3 g potassium carbonate dissolved in 3 mL water were
added into the ask. Then tetrakis(triphenylphosphine)-
palladium were added. The mixture was then stirred under
nitrogen for 24 hours at reux. Aer cooling, the mixture was
poured slowly into water and extracted with dichloromethane
(60 mL × 3). The organic layer was dried over anhydrous
Na2SO4, ltered and the ltrated solution was evaporated under
reduced pressure. The crude product was puried by column
chromatography on silica gel with dichloromethane and
normal hexane (v/v = 1/2) as eluent. Aer that 0.89 g green pure
© 2024 The Author(s). Published by the Royal Society of Chemistry
3Fmo were got with a yield of 62%. 1H NMR (500 MHz, DMSO-
d6) d 8.14 (dt, 2H), 7.86–7.79 (m, 3H), 7.78–7.71 (m, 3H), 7.65 (d,
1H), 7.59 (d, 2H), 7.55 (ddd, 2H), 7.33 (ddd, 2H), 7.23–7.17 (m,
2H), 7.12 (d, 2H). 13C NMR (126 MHz, DMSO) d 166.38, 166.35,
145.59, 141.24, 139.12, 135.90, 134.60, 134.42, 132.40, 132.08,
131.21, 130.69, 130.26, 130.08, 128.63, 128.38, 128.15, 126.78,
126.31, 126.27, 125.53, 123.96, 123.36, 123.22, 123.09, 120.97,
120.43, 110.12.19F NMR (470 MHz, DMSO-d6) d −61.00. MS (EI,
m/z): [M]+ calcd for C33H19F3N2O2: 532.1399. Found: 532.1390.

Synthesis of 5-(3-(9H-carbazol-9-yl)phenyl)-2-(4-(triuoromethyl)-
phenyl)isoindoline-1,3-dione (3Fmm). 3Fmm were synthesis with
the same way of 3Fmo. 1.22 g white 3Fmm were obtained with the
yield of 85%. 1H NMR (500MHz, DMSO-d6) d 8.39 (d, 1H), 8.34 (dd,
1H), 8.27 (dt, 2H), 8.14 (t, 1H), 8.08 (d, 1H), 8.04 (ddd, 1H), 7.93 (d,
2H), 7.85 (t, 1H), 7.76–7.72 (m, 3H), 7.52–7.42 (m, 4H), 7.31 (ddd,
2H). 13C NMR (126 MHz, DMSO) d 166.83, 146.09, 140.61, 138.30,
133.91, 133.07, 131.60, 131.09, 128.26, 127.64, 127.10, 126.82,
126.47, 126.08, 124.73, 123.31, 122.49, 121.02, 120.64, 110.24.19F
NMR (470 MHz, DMSO-d6) d −61.00. MS (EI, m/z): [M]+ calcd for
C33H19F3N2O2: 532.1399. Found: 532.1391.

Synthesis of 5-(4-(9H-carbazol-9-yl)phenyl)-2-(4-(triuoro
methyl)-phenyl)isoindoline-1,3-dione (3Fmp). 3Fmp were
synthesis with the same way of 3Fmo. 1.32 g blue 3Fmp were
obtained with the yield of 92%. 1H NMR (500 MHz, DMSO-d6)
d 8.40–8.38 (m, 1H), 8.35 (dd, 1H), 8.27 (dt, 2H), 8.21–8.16 (m,
2H), 8.15–8.10 (m, 1H), 7.95 (d, 2H), 7.84–7.80 (m, 2H), 7.77 (d,
2H), 7.52–7.43 (m, 4H), 7.32 (ddd, 2H). 13C NMR (126 MHz,
DMSO) d 166.89, 146.14, 140.38, 138.09, 137.47, 133.50, 133.21,
130.86, 129.64, 128.29, 127.66, 126.85, 126.48, 124.86, 123.42,
122.06, 121.10, 120.81, 110.20.19F NMR (470 MHz, DMSO-d6)
d −61.00. MS (EI, m/z): [M]+ calcd for C33H19F3N2O2: 532.1399.
Found: 532.1390.

Conclusions

In conclusion, three isomeric compounds—3Fmo, 3Fmm, and
3Fmp—were synthesized utilizing carbazole as the electron donor,
phthalimide as the electron acceptor, and a benzene ring as the
bridging moiety. Of these, 3Fmm exhibited immediate room-
temperature white phosphorescence upon the deactivation of UV
illumination, whereas 3Fmo and 3Fmp displayed characteristics
of TADF. Structural analysis of these isomers' crystals revealed the
presence of intermolecular p–p stacking interactions in 3Fmm,
which were not observed in 3Fmo and 3Fmp. TD-DFT calculations
suggested that p–p stacking in 3Fmm facilitates intersystem
crossing. Further analysis indicated that this stacking congura-
tion contributes to a reduction in the free volume within the
crystal lattice, thereby decreasing non-radiative transition rates.
Such p–p interactions are conducive to the emergence of room-
temperature phosphorescence. Additionally, capitalizing on the
exceptional luminescent properties of 3Fmo, it has been success-
fully applied in cellular imaging, achieving favorable outcomes.

Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article [and/or] its ESI.†
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