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The spectral narrowing of organic fluorescence materials is a focus issue in the field of photochemistry and
organic light-emitting diodes (OLEDs). Donor—acceptor emitters are usually susceptible to environmental
interference, exhibiting significant spectral broadening. However, as the energy of the donor and acceptor
is matched, a resonant energy form is formed in the molecule, resulting in a narrower and stronger
spectrum. The resonance structures of such emitters can be evaluated by the resonance parameter c2.
When the neutral state and zwitterionic state of dye molecules are in equilibrium, c® = 0.5, and this state
is called the cyanine limit state. Here, we introduce DOBNA-carbazole-based donor—acceptor emitters
BO-2Cz and TB-tCz. The c? value of BO-2Cz (0.45) indicates that BO-2Cz has a more balanced
contribution of resonance structures than TB-tCz (0.03). Although both exhibit short-wavelength

emission with small full width at half maximum (FWHM) in n-hexane, TB-tCz shows significant spectral
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Accepted 11th December 2025 broadening in different solvents and the doped film, while BO-2Cz maintains narrow violet-blue
emission with high environmental tolerance. As a result, the single-doped device with BO-2Cz achieves

DOI: 10.1039/d5sc07474f electroluminescence at 404 nm (FWHM = 31 nm), CIE coordinates (0.162, 0.017), and a maximum
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Introduction

Organic light-emitting diode (OLED) materials that combine
high efficiency with small full-width at half maximum (FWHM)
are pivotal to achieving wide color gamuts and low energy
consumption in future ultra-high-definition displays.**> The
donor-acceptor (D-A) structural design strategy stands as an
effective approach to developing high-performance emitters.*”
The difficulty lies in the fact that the spectra of D-A structured
molecules are prone to broadening due to the energy mismatch
between the donor and the acceptor, making them highly
sensitive to environmental factors (e.g., solvents, hosts, aggre-
gation).*” It was found that for low-dimensional charge-transfer
state fluorescence dyes, modulation of the molecule's reso-
nance forms via its donors and acceptors enables the achieve-
ment of stable, narrow spectra. Take the classic narrow-
emission dye cyanine as an example, it can be described as
the resonance hybrid of a neutral (N) structure and a charge-
separated zwitterionic (Z) structure according to a simple two-
state model. For these dyes, electron density is transferred
from the HOMO (predominantly localized in the donor region)
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external quantum efficiency of 7.3%, simultaneously realizing short-wavelength and narrow emission.

to the LUMO (mainly confined to the acceptor region). To the
first approximation, the excited state of these molecules can be
approximated as a radical cation/anion pair.® According to
Mulliken theory,” the ground-state (¥xz(So)) and excited-state
wavefunctions (¥nz(S1)) can be described as a linear combina-
tion of the neutral (N) wavefunction (¥y) and the zwitterionic
(z) wavefunction (¥,). The contribution of the two resonance
structures strongly depends on the strength of the electron-
donor and electron-acceptor groups.'*** Upon introducing ¢
to represent the fraction of the Z structure in the molecular
wavefunction, the expressions for the wavefunctions of the dye's
ground state (S,) and first excited state (S;) can be formulated,
as presented in eqn (1) and (2).*

Wnz(So) = Wz — (1 — )Wy 1)
Wnz(S1) = cWx + (1 = AWy ©)

As seen in Fig. 1, when ¢ is 0, the resonance structure of the
molecule belongs to the N resonance. At a value of 1, it is
dominated by the Z structure. At this point, cyanine dyes exhibit
a broad spectrum due to the significant structural difference
between Spand S;. When the ¢? is 0.5, the wavefunctions of the N
and Z resonance structures contribute equally to the molecule's
overall wavefunction. Since this situation naturally exists in
symmetric cyanine dyes, it is sometimes referred to as the
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Fig. 1 The c? values and absorption spectra of the neutral, cyanine limit, and zwitterionic structures in cyanine dyes.

“cyanine limit”. In this state, the overlap between the electron-
vibrational wavefunctions of Spand S,;is maximal, and high-
frequency vibrations (such as C-C bond stretching vibration)
during molecular excitation can be effectively suppressed,
showing strong and narrow spectral characteristics. Hush et al.
derived the soliton solution for cyanine dyes through the SSH
model, proving that cyanine dyes exhibit soliton electronic
structure characteristics.'*" Consequently, cyanine dyes
exhibit soliton characteristics: bond length equalization and
alternating distribution of positive and negative charges. As
a self-reinforcing isolated wave, soliton can maintain its own
characteristics without being affected by the environment. It
has its own characteristics without being affected by the envi-
ronment. It has been proven that many dyes with soliton
characteristics exhibit solvent insensitivity.*

In D-A type fused-ring fluorescent molecules, researchers
have similarly observed that the spectral properties of the
molecules are closely associated with their resonance states,
and stable spectral narrowing can be achieved through the
modulation of D/A units.”* Multiple resonance thermally acti-
vated delayed fluorescence (MR-TADF) materials exemplified by
boron-nitrogen materials can effectively suppress structural
relaxation and achieve narrow emission by introducing
electron-donating and electron-accepting heteroatom pairs at
appropriate positions in fused-ring aromatics.*>>* DOBNA, the
first oxygen-containing MR ultraviolet emitter, was created by
replacing N atoms with O atoms, which have a weaker electron-
donating ability.*® Subsequently, using DOBNA as the acceptor
unit, researchers have developed numerous D-A structured
molecules, aiming to realize efficient short-wavelength narrow
emission materials. While short-range and long-range CT
excited states have already been employed to account for these
phenomena in studies of MR materials, we seek to revisit these
spectral behaviors from the perspective of resonance state
structural modulation, drawing upon the model of cyanine
dyes. Here, we synthesized two emitters named BO-2Cz and TB-
tCz based on the DOBNA as the acceptor and carbazole as the
donor, which exhibit different environmental resistance capa-
bilities due to variations in resonance structures. The resonance
forms in the two emitters have been proved by the ¢* value. The
¢®value of TB-tCz is 0.03, while that of BO-2Cz is 0.45, indicating
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that the two resonance structures in BO-2Cz contribute more
evenly. By comparing the film spectra and solvation effect
spectra of the two emitters, it is confirmed that BO-2Cz has
better environmental resistance and can maintain its narrow-
emission spectral characteristics. The EL peak of the doped
device based on BO-2Cz is located at 404 nm, with a FWHM of
31 nm. The corresponding CIEy value reaches 0.017, and the
maximum external quantum efficiency (EQEnay) is 7.3%, which
is one of the highest values at the violet-blue color gamut. It
proves that modulating the resonance structure enables short-
wavelength and narrow emission, and the resonance struc-
tures can be measured using the ¢ value.

Results and discussion

The specific molecular structures are shown in Fig. 2a. TB-tCz is
obtained by the Vilsmeier-Haack coupling reaction of tert-
butylcarbazole and DOBNA-Br in an alkaline environment. BO-
2Cz is obtained by the Suzuki reaction of the boronic acid
pinacol ester on the B2Cz and the Br atom on DOBNA-Br. The
synthetic routes for TB-tCz and BO-2Cz are illustrated in
Schemes S1 and S2. Both TB-tCz and BO-2Cz are D-A structured
molecules composed of DOBNA and carbazole derivative
groups. The main difference is that BO-2Cz has an additional
benzene ring between the donor and acceptor groups, adopting
a meta-conjugation, which is a key factor for resonance. The
final products are characterized by '"H NMR and "*C NMR in
Fig. S1-S4. Their "H NMR and "*C NMR show that all the ob-
tained substances were pure target products.

The photophysical, thermodynamic, and electrochemical
properties of these two emitters are listed in Table 1. Both TB-
tCz and BO-2Cz exhibit excellent thermal stability, with
decomposition temperatures (T4) of 396 °C and 490 °C in
Fig. S5, respectively. Theoretical calculations on the ground and
excited states of TB-tCz and BO-2Cz were performed based on
density functional theory (DFT) at the BMK-D3(BJ)/6-311G(d,p)
theoretical level. The analyses of hole-electron distributions
were finished by Multiwfn, and the isosurfaces were rendered by
the VMD program.>** Additional details on calculations and
information about instrumentation are provided in SI S1. The
cyclic voltammetry measurements revealed that the highest

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The structures of TB-tCz and BO-2Cz; (b) the NTOs of TB-tCz and BO-2Cz; (c) the c? value and the resonance structures of TB-tCz

and BO-2Cz.

occupied molecular orbital (HOMO) energy levels of TB-tCz and
BO-2Cz are —5.50 eV and —5.67 €V, and the lowest unoccupied
molecular orbital (LUMO) energy levels are —3.64 eV and
—3.50 eV, respectively. The CV curves are listed in Fig. S6. The
frontier orbital distributions of TB-tCz and BO-2Cz are listed in
Fig. S7. Both materials show a certain degree of overlap but
partial separation in their frontier orbital distributions, exhib-
iting hybridized local and charge transfer (HLCT)
characteristics.***> The reorganization energies and Huang-
Rhys factors of the two emitters are presented in Fig. S8. TB-
tCz and BO-2Cz exhibit nearly identical reorganization ener-
gies, which aligns well with their similar frontier orbital
distributions, further corroborating their analogous transition
mechanisms. Specifically, BO-2Cz demonstrates a lower reor-
ganization energy of 3256.9 cm™ ' compared to TB-tCz's
3694.1 cm ™', suggesting a smaller configurational difference
between its ground and excited states. Since resonance struc-
tures are closely linked to the photophysical properties of

Table 1 Summary of the photophysical, thermal, and electrochemical p

molecules, describing the resonance structures of molecules is
beneficial for understanding their spectral behaviors. In this
work, we attempt to use the numerical value of ¢* as a metric for
the mixing of the N and Z structures to measure the relative
weight of the two resonance forms in the molecule: ¢* is 0 for the
pure N structure, 0.5 at the cyanine limit, and 1 for the pure Z
structure. Consequently, the closer ¢* is to 0.5, the more
balanced the contributions of the two structures to the ground
state, leading to molecules exhibiting stable narrow spectra.*
According to the literature, the ¢> value can be calculated using

eqn (3):

& =12[1 — Au(dpeg” + M) 3)
which u, represents the transition dipole moment, Au repre-
sents the dipole change upon optional excitation (Au = u, — ).
The data could be obtained through theoretical calculations,
and the ¢® will be obtained by substituting the data into the

roperties of TB-tCz and BO-2Cz

Emitters Aabs” [nm)] dem” [Nm] FWHM [nm eV '] @9 [%] 7% [ns] Ty [°C] HOMO/LUMO [eV]

TB-tCz 368° 387/402¢ 16/0.09° 54.1 4.38 396 —5.50/—3.64
40/0.307

BO-2Cz 389° 402°/408¢ 18/0.14° 46.2 6.54 490 —5.67/—3.50
32/0.23¢

“ The maximum of absorption peaks. ? The maximum of photoluminescent peaks. © Measured in n-hexane (1 x 10~° M). ¢ Measured in films

(1 wt% doped in CzSi).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table2 The computational dipole moment of ground states (|ug|) and excited state (|u,|), the transition dipole moment (|u.g|). oscillator strength
(fosc). and energy (E,g) of the S; — S process®

Emitter |ug|/debye |ta|/debye |Hag|/debye Sose Eng eV Expt/eV c
TB-tCz 2.321 20.208 3.164 0.192 3.34 3.20 0.03
BO-2Cz 3.297 3.995 3.301 0.160 3.14 3.08 0.45

“ The gas-phase geometry, dipole moment of S; and S, and transition dipole moment of the S; — S, process are obtained at the BMK-D3(BJ)/6-
311G(d,p) theoretical level. The transition energy and oscillator strength of the S; — S, process are evaluated at the TD-SCS-wPBEPP86/6-

311G(d,p) level using the BMK-D3(BJ) optimized geometry.

formula. The results of TB-tCz and BO-2Cz are listed in Table 2.
The comparison of relevant calculation methods is listed in
Table S1. By comparing the calculation results with the experi-
mental results, the BMK-D3(BJ)/6-311G(d,p) theoretical level for
theoretical calculation is finally determined. The cartesian
coordinates of the S, state and S, state of TB-tCz and BO-2Cz are
listed in Tables S2-S5.

As depicted in Fig. 2¢, TB-tCz exhibits a ¢® value of 0.03,
suggesting that its molecular structure is predominantly gov-
erned by the N structure, with negligible contribution from the
Z structure. In contrast, the ¢* value of BO-2Cz nearing 0.5
demonstrates an almost equal contribution from both N and Z
structures. At this point, the structure of BO-2Cz is closer to the
cyanine limit than that of TB-tCz, which confers enhanced
resistance of its spectrum to changes in the external environ-
ment. As shown in Table 2, the significant difference of the ¢
stems from the distinction in the excited-state dipole moments
between these two emitters. According to the natural transition
orbitals (NTOs) calculated in Fig. 2b, for TB-tCz, holes are
predominantly distributed on the carbazole groups, while
electrons are mainly localized on the boron-oxygen core. This
spatial separation of holes and electrons is characteristic of a CT
state transition. For BO-2Cz, both holes and electrons are
primarily distributed across the boron-oxygen core and the
central benzene ring, indicating that BO-2Cz exhibits a localized
transition characteristic. Since TB-tCz belongs to the CT tran-
sition, its excited-state dipole moment is significantly larger
than that of BO-2Cz, resulting in a smaller structural difference
between the S, and S;. Thus, the ¢® of TB-tCz is smaller than that
of BO-2Cz. This difference is closely related to the resonance
structures of molecules.

The differences in resonance state structures are manifested
in spectral behaviors, and the degree of prominence of such
differences varies across diverse environments. The steady-state
photophysical behaviors of TB-tCz and BO-2Cz in n-hexane
solutions and doped films were investigated using UV-vis
absorption (Abs) and photoluminescence (PL) spectroscopy at
room temperature. As shown in Fig. 3a and b, in low-polarity n-
hexane (HEX) solution, TB-tCz and BO-2Cz exhibit distinct
absorption bands at 368 nm and 389 nm. For PL spectra, TB-tCz
and BO-2Cz display similar violet-blue sharp emission, peaking
at 387 nm and 402 nm, with a FWHM of 16 nm and 18 nm,
respectively. Notably, both emitters exhibit extremely narrow
emission, displaying characteristics of the cyanine limit. This
confirms that the two resonance structures of both materials
contribute in a relatively balanced manner, likely because the
emission of both emitters in low-polarity solvents is dominated
by the local-state emission of DOBNA. Since the host material
forms a highly polar environment that can affect the photo-
physical properties of the emitters, we further investigated the
steady-state photophysical properties of the emitters in doped
films (1 wt% doped in CzSi). Unlike the similar spectral
behaviors exhibited in n-hexane, their film spectra exhibit
marked discrepancies. Under the influence of the host material,
the emission spectrum of TB-tCz in the doped film exhibits
a red shift and broadening: its FWHM increases to 40 nm, and
the peak position shifts red to 402 nm. Compared with TB-tCz,
BO-2Cz displays a more stable emission spectrum, with
a FWHM of 32 nm and a peak position of 408 nm, indicating
that its spectrum is less susceptible to environmental effects.
This characteristic is closely related to the equal contribution of
the two resonance structures.

12 1.2
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Fig. 3 The Abs and PL spectra of TB-tCz (a) and BO-2Cz (b) in n-hexane and the film.
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Fig. 4 The PL spectra of TB-tCz (a) and BO-2Cz (b) in different solvents (1 x 107> M).

Solvatochromism experiments further reflect the relation-
ship between the strength of resonance structure coupling and
the environmental sensitivity of the spectrum. As shown in
Fig. 4, we measured the solvation effect on the PL spectra of TB-
tCz and BO-2Cz. Four solvents were selected: n-hexane (HEX),
diethyl ether (ETE), dichloromethane (DCM), and acetonitrile
(ACN), ordered by increasing polarity in Fig. 4a and b. With the
increase of solvent polarity, the emission of the TB-tCz solution
shows an obvious bathochromic shift and broadening: the peak
position shifts from 386 nm in HEX to 490 nm in ACN, and the
FWHM expands from 16 nm to 85 nm. In contrast, BO-2Cz
exhibits considerable stability. The peak position of the PL
spectrum only moved about 6 nm from HEX (402 nm) to ACN
(408 nm), and the FWHM changed from 18 nm in HEX to 30 nm
in ACN. This arises from the differing strengths of resonance
state coupling between the two emitters. In the low-polarity

and BO-2Cz are comparable, both displaying the characteris-
tics of the cyanine limit. For TB-tCz with weak resonance-state
coupling, increasing solvent polarity leads to a divergence in
the energies of its two resonance states, resulting in spectral
broadening. This behavior is consistent with CT-state transi-
tions and matches the theoretical calculations. The stronger CT
state character of TB-tCz causes the energy of its Z-type reso-
nance state to decrease rapidly in high-polarity solvents, thereby
weakening the resonance state coupling between N and Z. BO-
2Cz, with the stronger resonance-state coupling, exhibits
stronger soliton-like electronic structure characteristics than
TB-tCz, such as more uniform bond lengths and more balanced
charge magnitudes, in Fig. S9. Consequently, the spectrum of
BO-2Cz exhibits excellent environmental robustness.

BO-2Cz retains its short-wavelength and narrow-spectrum
properties in the doped film, highlighting its promising poten-

environment, the energies of the resonance states of TB-tCz tial for achieving high-color-purity violet-blue
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(a) The energy level diagram and the structures of functional layer materials in the OLED:; (b) the current density—voltage—luminance (J-V-L)

and the current efficiency—luminance—power efficiency (CE—L—-PE) curves of BO-2Cz; (c) the normalized electroluminescence spectra and the CIE
coordinates of BO-2Cz OLED; (d) The efficiency—luminance (EQE-L) curve of BO-2Cz; (e) The comparison of the device properties between BO-

2Cz and the devices that have been reported.
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electroluminescence. Additionally, the photoluminescence
quantum yields (PLQY) of TB-tCz and BO-2Cz doped films reach
54.1% and 46.2%, respectively. Low-temperature fluorescence
and phosphorescence spectra of the two emitters were recorded
at 77 K, as presented in Fig. $10. Comparison with the spectrum
of TB-tCz reveals that BO-2Cz exhibits a larger singlet-triplet
energy gap, which is consistent with the theoretically calculated
energy levels shown in Fig. S11. Transient fluorescence spec-
troscopy measurements detected no long-lived signals on the
microsecond (ps) timescale, further ruling out the possibility of
a TADF mechanism (see Fig. S12). Given the HLCT excited-state
characteristics of BO-2Cz, it holds potential as a hot exciton
material >

To evaluate its electroluminescent properties, BO-2Cz was
used as a guest material for fabricating binary-doped devices.
The performance of the OLED based on BO-2Cz is presented in
Fig. 5. The structure of the OLED is ITO/PEDOT: PSS (40 nm)/
mCp (15 nm)/CzSi: 1 wt% BO-2Cz (18 nm)/TPBI (23 nm)/Li (1
nm)/Al (100 nm), with the chemical structures of PEDOT: PSS,
mCp, CzSi, and TPBI also depicted in Fig. 5a. In this OLED
device, PEDOT: PSS, mCp, CzSi, and TPBI serve as the hole
injection layer, hole transport layer, host material in the emit-
ting layer, and electron transport layer, respectively. The
maximum luminance is approximately 177 cd m~>. The current
efficiency-luminance-power efficiency (CE-L-PE) curves are
presented in Fig. 5b, and the corresponding maximum current
efficiency and power efficiency are 1.55 cd A" and 0.90 Im W™,
respectively. Note that owing to its strong soliton-like charac-
teristics, BO-2Cz retains violet-blue emission with a small
FWHM in the doped device, thus enabling narrow-band violet-
blue electroluminescence. As shown in Fig. 5¢, the EL spectrum
peak is at 404 nm with a FWHM of 31 nm/0.225 eV.

Additionally, the BO-2Cz-based device achieved an EQE,, of
7.3% in Fig. 5d. The properties of these emitters are in Table S3,
and the structures are listed in Scheme S3. The corresponding
CIEy can reach 0.017, exhibiting extremely high color purity. By
contrast, the literature-reported TB-tCz-doped device, con-
strained by its relatively broad emission spectrum, exhibits
a CIEy value of 0.06.*® By comparing the performance of devices
similar to our device, when the EQE of such emitters exceeds
10%, their CIEy values are basically above 0.04.*¢ In contrast, for
emitters with a CIEy value of less than 0.04, their EQE is generally
below 5%.*” These results demonstrate that our device exhibits
high color purity and high EQE in the violet-blue wavelength
range. According to the transient electroluminescence (EL)
spectrum of BO-2Cz in Fig. S13, the BO-2Cz-based device shows
almost no delay and its performance is hardly dependent on the
applied voltage, thus ruling out the influence of the triplet-triplet
annihilation (TTA) effect on the device. In addition, we have also
calculated the exciton utilization efficiency (EUE) of BO-2Cz.*®
Assuming that excitons undergo complete recombination and
taking the light extraction efficiency as 20%, the EUE of the
device is calculated to be 79%, which exceeds 25% (theoretical
EUE . for fluorescence), indicating that it has a more efficient
exciton utilization channel. Therefore, BO-2Cz exhibits a hot
exciton channel guided by the HLCT excited state.

Chem. Sci.

View Article Online

Edge Article

Conclusions

In summary, two emitters, TB-tCz and BO-2Cz, were success-
fully synthesized and characterized. In n-hexane solution, both
emitters exhibited narrow emission in the violet-blue region.
Notably, while TB-tCz showed significant spectral broadening in
the doped film state, BO-2Cz maintained a narrow emission.
This discrepancy can be attributed to the different degrees of
energies matching between the donor and the acceptor, causing
the difference between the resonance structures, which has
been proved by the ¢® value. The ¢® value of BO-2Cz is 0.45,
which is closer to 0.5 compared with that of TB-tCz (0.03),
indicating that BO-2Cz is closer to the cyanine limit state. Thus,
BO-2Cz exhibits enhanced environmental resistance and
enables the preservation of its spectral shape and position
across different states. As a result, a device fabricated based on
BO-2Cz achieved violet-blue electroluminescence at 404 nm
with a small FWHM of 31 nm, featuring a remarkable violet-
blue color purity of CIEy <0.02. By drawing on the simple two-
state model of cyanine dyes, this work provides a novel
perspective for understanding the relationship between the
spectral properties and structures of materials.
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