#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Hybridization of short-range and long-range
charge transfer boosts room-temperature
phosphorescence performancet

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 22763

Tian-Miao Li,¥?° Li-Yuan Hu,° Xin Zou,*< Jun-Yi Wang,® Sheng Ni,° Lei Liu, © *2
Xunwen Xiao @ **9 and Xu-Feng Luo & *°

At present, mainstream room-temperature phosphorescence (RTP) emission relies on organic materials
with long-range charge-transfer effects; therefore, exploring new forms of charge transfer to generate
RTP is worth studying. In this work, indole-carbazole was used as the core to ensure the narrowband
fluorescence emission of the material based on its characteristic short-range charge-transfer effect. In
addition, halogenated carbazoles were introduced into the periphery to construct long-range charge
transfer, resulting in VTCzNL-Cl and VTCzNL-Br. By encapsulating these phosphors into a robust host
(TPP), two host—guest crystalline systems were further developed, achieving efficient RTP performance
with phosphorescence quantum yields of 26% and phosphorescence lifetimes of 3.2 and 39.2 ms,
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Introduction

Organic room-temperature phosphorescence (RTP) materials
have shown promising applications in anti-counterfeiting,
optical imaging, flexible displays, and solid-state lighting."”
Different from inorganic and carbon-dot afterglow materials,
organic RTP materials have become a research hotspot owing to
their diverse structural designs and adjustable photophysical
characteristics.>** Currently, most reported organic RTP mate-
rials have been designed and synthesized by introducing
a donor and acceptor to achieve a long-range charge-transfer
effect for enhancing the intersystem crossing process, which
is similar to the construction of traditional thermally activated
delayed fluorescence (TADF) materials.'*' However, because of
the molecular structural relaxation and vibrational coupling
between the ground state (S,) and the lowest singlet state (S;),
these materials exhibited full width at half maxima (FWHM)
values exceeding 70 nm.*>** Therefore, proposing an approach
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to decrease the FWHM values of organic RTP materials is
crucial for promoting their further application and
development.

Organic materials with rigidity and short-range charge-
transfer (SR-CT) effects have exhibited almost high fluores-
cence radiation rates, intersystem crossing rates (kisc), and
narrow-emission spectra.>**” Following the aforementioned
principles, multi-resonance frameworks (such as boron-
nitrogen (B/N), carbonyl-nitrogen (C=O/N), and indolocarba-
zole (ICz)) were developed to obtain a series of narrowband MR-
TADF materials with blue-to-red emissions.*®** To boost RTP
performances, the kisc of emitters should be accelerated again.
Notably, ICz-based MR materials exhibit a small FWHM, a large
AEgt, and a sole fluorescence emission. In recent reports, by
reasonably designing a molecular framework, the long lifetimes
of ICz-based materials could be regulated while maintaining
their narrow-emission characteristics.*® Therefore, organic
integration of the ICz framework to achieve efficient RTP
performance is a potential and direct means of constructing
narrow-emission afterglow materials.

Herein, based on a push-pull electron effect, an ICz-type MR
core was selected as the electron-withdrawing group, and
carbazole derivatives as the electron-donating group were
introduced on the periphery to achieve hybridization of SR-CT
and LRCT.* In addition, the substitution of peripheral halo-
genated elements (Cl and Br atoms) of carbazole further
contributed to the effective ksc through a heavy-atom effect.
The single crystals of two molecules further confirmed the
twisted conformation between ICz and halogenated carbazole,
which could effectively suppress - stacking in the solid state
and reduce energy dissipation through non-radiative decay
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Fig.1 Molecular design strategies and electron cloud distribution of the HOMO and LUMO for the case study of VTCzNL-CL

Fig. 2

channels. By encapsulating these afterglow materials into a host
(TPP), two host-guest cocrystalline systems were further devel-
oped, showing narrowband emission peaking at 420 nm with
a FWHM of ~40 nm, efficient RTP performances with a phos-
phorescence quantum efficiency (¢p) of 26% and lifetimes (tp)
of 3.2 and 39.2 ms (Fig. 1 and 2).

Results and discussion
Synthesis and characterization

The key intermediate ICzBF was synthesized according to the
previous literature.*® Subsequently, the target products VICzNL-
Cl and VTCzNL-Br were obtained by a classic nucleophilic
substitution between chlorinated and brominated carbazole and
the key intermediate ICzBF. Further, two molecular structures
were validated through NMR and mass spectrometry. Thermog-
ravimetric analysis (TGA) analysis was also applied and indicated
that the two materials had good thermal stability (Fig. S117).
Additionally, VTCzNL-Cl and VTCzNL-Br were slowly
diffused in DMF to obtain respective crystals. Single-crystal
structure analysis showed that the two molecules presented

22764 | RSC Adv, 2024, 14, 22763-22768

(a) Crystal packing of VTCzNL-CL. (b) Crystal packing of VTCzNL-Br showing H-aggregation.

butterfly-shaped spatial configurations, and twist angles of
118.704° and 120.332° were observed between the carbazole
derivatives and the ICz core. Due to the planar characteristics of
the ICz core, both VI'CzNL-Cl and VTCzNL-Br exhibited signif-
icant H-aggregation caused by the strong m-m interactions.’*>*
The weak intermolecular forces also contributed to the aggre-
gation of adjacent molecules. For VICzNL-Cl, a C-H--'w
distance of 2.841 A was observed, which is beneficial for
restricting molecular motion. For VTCzNL-Br, C-H-m
distances of 2.820-2.896 were observed, which could not only
stabilize multiple frameworks, but also suppress non-radiative
transitions. Interestingly, the rigid combination of fragments
facilitated by the planar ICz core and connected chlorinated and
brominated carbazole units is beneficial for inducing a more
rigid environment to minimize the non-radiative decay,
providing an effective pathway for the utilization of triplet
excitons through a radiative process. The above structural
arrangement and configuration characteristics provided good
support for the formation of H-aggregation, which could further
stabilize the triplet excitons and provide a possibility for room-
temperature phosphorescence emission.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis absorption and fluorescence emissions of VTCzNL-Cl (a) and VTCzNL-Br (b).

Table 1 Recorded photophysical properties of the two materials

Compounds Aabs” (nm) Aem” (nm) FWHM* (nm) 5,% (ev) T, (eV) AEsr” (eV)
VTCzNL-Cl 358 396 33 3.04 2.58 0.46
VTCzNL-Br 358 404 30 3.02 2.61 0.41

“ Measured at room temperature in toluene solution. b Measured at 77 K in toluene solution. ¢ AEgy = S; — Tj.

The UV-vis absorption and fluorescence emissions of
VTCzNL-Cl and VTCzNL-Br were characterized in toluene solu-
tion (Fig. 3), respectively. Intense and sharp absorption bands
peaking at 358 nm for the two materials were observed, which
were attributed to the molecular SR-CT features. Consistent
with the emission characteristics of materials with a multiple
resonance nature, the fluorescence emission spectra of the two
materials exhibited a clear mirror relationship with the UV-vis
absorption spectra, and small Stokes shifts were achieved.
The fluorescence emissions of VICzNL-Cl and VTCzNL-Br dis-
played peaks at 396 and 404 nm, with small FWHMs of 33 and
30 nm, respectively (Table 1).

To further determine the energy gap difference between the
single and triplet states of the two materials, the fluorescence
and phosphorescence spectra were obtained at 77 K. As illus-
trated in Fig. S6 and S7,7 calculated from the emission peaks of
fluorescence spectra at 77 K, the S; energies of VTCzNL-Cl and
VTCzNL-Br were 3.04 and 3.02 eV, respectively. Also, estimated
from the phosphorescence spectra at 77 K, the T; energies of
VTCzNL-Cl and VTCzNL-Br were 2.58 and 2.61 eV, respectively.
Based on the above calculation results for the S; and T, states
energies, the AEgy values of VICzNL-Cl and VTCzNL-Br were
estimated as 0.46 and 0.41 eV, respectively. The large AEgr
values are not conducive to achieving the upconversion
behavior of T, excitons, which can effectively avoid the imple-
mentation of the TADF process. These two compounds exhibi-
ted only a long single exponential phosphorescence lifetime,
whether in toluene solution or doped in TPP. (Fig. S11%). This is
also a powerful experimental result to prove the absence of
TADF.

In order to study the characteristics of the ground and
excited states of the two molecules, density functional theory

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

(DFT) calculations with the B3LYP/6-31g(d,p) basis set were
carried out. The hybridization of the SR-CT and LR-CT was
observed (Fig. 4). The SR-CT effect was implemented by the
different electronegativity moieties (C and N atoms) within the
ICz core, which was limited to the ICz core. Also, an LR-CT effect
originated from a pull-push effect based on the carbazole
derivatives with electron-donating abilities and the central ICz
core with electron-withdrawing abilities. Due to the further
introduction of the heavy atoms CI and Br, the ISC process was
improved, also enhancing the phosphorescence properties of
the two materials, respectively. Additionally, the two materials
exhibited similar highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels,
which was attributed to the basically consistent parent core
framework, with the only difference being the substitution of Cl
or Br atoms on the periphery. This also lays the foundation for
comparing the performance of the halogenated elements in the
final RTP performances of their host-guest systems.

To further stabilize the triplet excitons, the concept of host-
guest doping is highlighted. Accordingly, the RTP performance
of two materials could be further improved by means of the
unique characters of the host. In this work, the rigid host
molecule triphenylphosphine (TPP) was used and the method
of melting the hosts and guests was chosen to better stabilize
and utilize the triplet excitons of the guests. Two guests were
doped with a 0.5% mass fraction in the hosts, as detected by
HPLC (Fig. S8 and S9t). Also, the temperature for melting the
host and guest molecules was 130 °C.

The two complexes exhibited deep-blue emissions at a steady
state, while an apparently homogeneous green afterglow could
be observed after ceasing illumination (Fig. 5¢ and f). Under
365 nm excitation, the guest material in the cocrystal systems

RSC Adv, 2024, 14, 22763-22768 | 22765
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Fig. 5

(@) Room-temperature fluorescence and phosphorescence spectra of the VTCzNL-Cl-based complex. (b) Transient lifetime of the

VTCzNL-Cl-based complex. (c) Cocrystal obtained by dissolving VTCzNL-Clin the TPP host and photos taken of this before and after 365 nm UV
lamp irradiation. (d) Room-temperature fluorescence and phosphorescence spectra of the VTCzNL-Br-based complex. (e) Transient lifetime of
the VTCzNL-Br-based complex. (f) Cocrystal obtained by dissolving VTCzNL-Br in the TPP host and its photos taken before and after 365 nm UV

lamp irradiation.

could only be excited, while the host material could not be
excited. The two complexes showed deep-blue and narrowband
fluorescence emissions peaking at 419 and 417 nm with
FWHMs of 46 and 48 nm, respectively (Fig. 5a and d). After
ceasing external excitation, the two complexes displayed green
afterglow emissions (Fig. 5a and d) peaking at 488 and 489 nm,
with FWHMs of 65 and 66 nm, respectively (Fig. 5a and d),

22766 | RSC Adv, 2024, 14, 22763-22768

which were narrower than those of most organic afterglow
materials. Compared to the intrinsic fluorescence and phos-
phorescence emissions of TPP (Fig. S121), the fluorescence and
phosphorescence emissions of the two host-guest-doped
complexes originated from the reported molecules in this
work. According to the difference in the effect of increasing the
heavy-atom effects on the SOC of materials, the complex based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on VTCzNL-Cl exhibited a longer phosphorescence lifetime
(39.2 ms) than that (3.2 ms) of the complex based on VICzNL-Br
(Fig. 5b and e). The afterglow times of the VICzNL-Cl-based and
VTCzNL-Br-based complexes were 0.8 and 0.4 s, respectively
(Fig. S10t). Benefiting from the rigid molecular skeletons, both
complexes showed high phosphorescence quantum yields of
26%. The prolonged fluorescence may be further used for
a background-free time-gated luminescence assay.*

Conclusions

In summary, VI'CzNL-Cl and VTCzNL-Br with SR-CT and LR-CT
characteristics were synthesized. Based on their rigid molecular
skeletons, the two materials showed intense emission and
suppressed non-radiative decay. The room-temperature phos-
phorescence based on the two host-guest systems showed long
phosphorescence lifetimes of 3.2 and 39.2 ms and narrowband
fluorescence and phosphorescence emissions. These results
provide insights for guiding the design of narrow-emission
afterglow materials.

Experimental

The synthesis routes of VTCzNL-Cl and VTCzNL-Br are shown in
Fig. S1.t All the experiments were carried out under a nitrogen
atmosphere. The raw materials and solvents were used as
commercial grade without further purifications. The main
ligands were synthesized by nucleophilic substitution.

Synthesis of VI'CzNL-Cl

First, ICzBF (100 mg, 0.36 mmol), 3,6-dichloro-9H-carbazole
(168 mg, 0.72 mmol), and Cs,CO; (352 mg, 1.08 mmol) were
dissolved in DMAC (20 ml) at room temperature. The mixture
was stirred at 170 °C for 8 h. After cooling to room temperature,
the reaction mixture was poured into a large amount of water.
The product was extracted with dichloromethane and the
combined organic layers were dried with anhydrous MgSO,.
Then, the crude product was evaporated, and recrystallized to
obtain the white solid VICzNL-CI. (204 mg, yield: 80%). "H NMR
(500 MHz, Chloroform-d) 3 8.15 (d, J = 1.7 Hz, 4H), 8.01 (d, ] =
8.1 Hz, 2H), 7.77 (s, 1H), 7.59 (td, J = 7.8, 1.2 Hz, 2H), 7.44-7.31
(m, 8H), 7.19-7.11 (m, 2H), 6.97 (d, J = 7.8 Hz, 2H). *C NMR
(126 MHz, Chloroform-d) & 138.43, 138.29, 128.93, 126.87,
126.43, 126.11, 125.57, 124.37, 122.96, 121.79, 119.54, 118.90,
113.98, 111.32, 110.60. HRMS (VTCzNL-Cl, m/z): [M] caled for
C4,H,,CI4N;,710.4500; found, 710.6987. Anal. Caled for
CayH,1Na: C, 71.11; H, 2.98; N, 5.92. Found: C, 70.98; H, 3.02; N,
5.88.

Synthesis of VICzNL-Br

First, ICzBF (100 mg, 0.36 mmol), 3,6-dibromo-9H-carbazole
(232 mg, 0.72 mmol), and Cs,CO; (352 mg, 1.08 mmol) were
dissolved in DMAC (20 ml) at room temperature. The mixture was
stirred at 170 °Cfor 8 h. After cooling to room temperature, the
reaction mixture was poured into a large amount of water. The
product was extracted with dichloromethane and the combined

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic layers were dried with anhydrous MgSO,. Then, the crude
product was evaporated and recrystallized to obtain the white
solid VICzNL-CL. (170 mg, yield: 54%). "H NMR (500 MHz,
Chloroform-d) 3 8.30 (d, J = 1.9 Hz, 4H), 8.01 (d, J = 8.0 Hz, 2H),
7.72 (s, 1H), 7.59 (td, J = 7.8, 1.1 Hz, 2H), 7.50 (d, J = 1.9 Hz, 2H),
7.49 (d,J = 1.9 Hz, 2H), 7.31 (s, 2H), 7.29 (s, 2H), 7.16 (t,] = 7.7 Hz,
2H), 7.01-6.90 (m, 2H). *C NMR (126 MHz, Chloroform-d)
5 138.62, 138.32, 128.81, 128.79, 126.93, 126.42, 124.38,123.40,
122.61, 121.85, 118.88, 114.04, 112.94, 111.36, 111.00. HRMS
(VTCzNL-Br, m/z): [M]'caled for C,,H,;Br,N;,888.2700; found,
890.0790. Anal. Caled for C,4,H,,N3: C, 56.86; H, 2.39; N, 4.74.
Found: C, 56.69; H, 2.44; N, 4.85.
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