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ion spectra based on
indolocarbazole molecular model system:
an experimental and theoretical study

Yingbo Lv, Jingzhuo Bi, Runting Wang, Zhiqiang Yang, Xinqi Yang, Shuaiqiang Zhao,
Shiyin Wang, Haichao Liu, Shi-Tong Zhang * and Bing Yang *

To clarify the structure–property relationship of the narrowed emission spectrum, four indolocarbazole

(IDCz) model compounds were designed and synthesized. Their p-conjugated plane size can be

adjusted by gradually chemically locking the benzene ring. With increasing p-conjugated plane, both 0-1

and 0-2 vibronic peaks are suppressed significantly, demonstrating a gradual narrowing of the emission

spectrum. Theoretical calculations reveal that the vibronic coupling gradually weakens with the increase

in p-conjugated plane, arising from the significant reduction in the number of involved vibration modes

in both high-frequency and low-frequency regions. Additionally, the n / p* transition reduces the

charge variation on the benzene rings, which is then diluted as the number of locked benzene rings

increases. These two main factors jointly suppress the geometric changes in locked benzene rings,

particularly the stretching vibrations of C–C/C]C bonds, resulting in a narrowing of the emission

spectrum. This work not only helps to better understand the mechanism of narrowing the emission

spectrum but also guides the molecular design of high-color-purity luminescent materials.
Introduction

As a new-generation display and lighting technology, organic
light-emitting diodes (OLEDs) have received tremendous
attention in recent decades.1 To meet the increasing demands
of ultra-high denition display, organic luminescent materials
must have a narrow full width at half maximum (FWHM) in
their emission spectra to achieve high color-purity (e.g., BT
2020).2 However, due to their inherent strong vibronic coupling,
organic p-conjugated molecules typically exhibit a larger
FWHM of the emission spectrum3,4 compared to inorganic
luminescent materials, such as gallium nitrides, quantum dots,
rare earths, or perovskites.5–16 To achieve a high color purity in
OLEDs, additional color lters or optical cavities must be inte-
grated into each display pixel, which not only causes a loss of
some luminescent energy but also increases the cost of the
product.17 Therefore, it is of great signicance to develop
organic luminescent materials with narrow FWHM emissions
for advanced ultra-high denition displays. However, due to the
complexity and diversity of vibronic coupling in organic
molecular systems, it is very challenging to design pure organic
materials with narrow FWHM luminescence emissions without
the knowledge of a well-dened structure–property
relationship.18,19
Structure and Materials, College of
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–22437
In 2016, Hatakeyama and co-workers reported a novel type of
organic luminescent material with a narrow FWHM of its
emission spectrum, which was named as multiple-resonance
(MR) thermally-activated delayed uorescence (TADF) mate-
rial.20 In terms of molecular structure, these materials are based
on the rational combination of boron (B)/nitrogen (N) hetero-
atoms and benzene rings. Using the MR effects induced by the
B/N heteroatoms at specic substitution sites (ortho and para),
the frontier molecular orbitals (FMOs) signicantly localize on
alternate carbon atoms of the benzene ring. Specically, the
highest occupied molecular orbital (HOMO) is mainly localized
on the electron-donating N-heteroatom and its ortho/para-
carbon atoms. In contrast, the lowest unoccupied molecular
orbital (LUMO) is primarily localized on the electron-
withdrawing B-heteroatom and its ortho/para-carbon atoms.
This MR-induced staggered atomic localization of FMOs (the
spatially separated HOMO and LUMO) not only minimizes the
vibronic coupling between the ground state (S0) and the lowest
singlet excited state (S1) but also greatly reduces the energy gap
(DEST) between the S1 state and the lowest triplet excited state
(T1), thereby endowing the narrow FWHM and TADF emission
with considerable oscillator strength. Due to the advantages of
narrow FWHM and TADF emission, these materials demon-
strate superior OLED performance (e.g., high color purity and
high efficiency) in blue,21–41 green,42–59 and red60–65 three-
primary-color emissions. Furthermore, to avoid the tedious
synthesis of B/N systems, alternative molecular designs have
been developed, such as indolocarbazole (IDCz) derivatives,66–83
© 2025 The Author(s). Published by the Royal Society of Chemistry
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N/C]O84–94 and N/O]S]O,95,96 etc., which have also achieved
narrow FWHM emission. In the same way, these narrow TADF
emissions are still attributed to the MR effect, similar to the B/N
molecular system. In contrast, Ma and colleagues proposed
a novel mechanism with soliton-like characteristics to achieve
narrowing of the emission spectrum, inspired by cyanine
dyes.97,98 Under the induction effect of the terminal donor and
acceptor groups, the middle cyanine chain shows a soliton-like
electronic structure, which is characterized by uniform C–C/C]
C bond lengths and balanced alternating positive/negative
atomic charge distribution. Thus, the high-frequency C–C
stretching vibrations can be substantially suppressed due to the
approximate homogenization between C–C and C]C bonds
along the cyanine chain. Undoubtedly, this effective suppres-
sion of high-frequency stretching vibrations results in narrow
absorption and emission spectra in soliton-like molecular
systems. Overall, these two molecular systems indeed have the
typical structural features that can help understand the mech-
anism of narrowing the emission spectra. To further enrich the
new material system, a more fundamental and universal
mechanism is needed to understand the structure–property
relationship, thereby guiding the innovative design of organic
narrow-emission molecules.

In this work, we attempt to understand the essence of
a narrow emission spectrum from the perspective of electron
transitions, as it is the electron transition that causes charge
redistribution and leads to the subsequent molecular geometry
Scheme 1 (a) Schematic diagramof emission spectrumnarrowing caused
(PAHs) to nitrogen atom-containing polycyclic aromatic hydrocarbons
electron density dilution on benzene rings.

© 2025 The Author(s). Published by the Royal Society of Chemistry
relaxation, known as vibronic coupling. In principle, during the
electron transition process, the greater the charge variation, the
more signicant the geometry relaxation. In this way, the details
of electron transition should be carefully analyzed, considering
that they may be responsible for the essence of narrowing the
emission spectrum. For instance, in polycyclic aromatic
hydrocarbons (PAHs), the pure p / p* transition of perylene
dominates the electronic excitation, which usually causes
signicant bond length changes between the S0 and S1 states,
corresponding to strong vibronic coupling with high-frequency
C–C stretching modes.99,100 As a result, this vibronic coupling
gives rise to a clear ne structure and a large FWHM in both
absorption and emission spectra, as shown in Scheme 1a. For
comparison, when the N-heteroatoms are introduced into
PAHs, such as in the indolocarbazole (IDCz) derivative,101 the
electronic excitation involves two types of transition congura-
tions: n / p*, corresponding to the n-electron transition from
N-heteroatoms to benzene ring and p / p*, corresponding to
the p-electrons delocalized over the benzene ring. In this case,
the n / p* transition can partially replace the pure p / p*

transition in PAHs. On the one hand, the N-heteroatoms share
part of the charge variation caused by electronic excitation in
the form of atomic localization (almost irrelevant geometry
changes), which can effectively reduce the charge variation on
the benzene ring. Thus, this reduced charge variation effectively
suppresses the geometry changes of the benzene ring, particu-
larly for high-frequency C–C stretching vibrations, resulting in
by n/p* electron transition (from polycyclic aromatic hydrocarbons
(N-PAHs)). (b) Molecular design of four IDCz model compounds: the

Chem. Sci., 2025, 16, 22424–22437 | 22425
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weakened vibronic coupling and a narrowed emission spectrum
(Scheme 1a).

Conversely, if the charge variation on the benzene ring could
be diluted, for example, by increasing the number of benzene
rings, the vibronic coupling would be further suppressed, also
achieving a further narrowing of the emission spectrum. To
verify this idea, we designed and synthesized four model
molecules (DPA-Cz, ID-Cz, 2ID-Cz, and 3ID-Cz) based on the
IDCz system. Their corresponding synthetic details are depicted
in Scheme S1. As shown in Scheme 1b, these four model
molecules each contain two N-heteroatoms and ve benzene
rings, with the p-conjugated plane extended by gradually
chemically locking the rotatable phenyl group. Experimental
and theoretical investigations were carried out to systematically
explore the evolution of their emission spectra with increasing
p-conjugated plane. As expected, this IDCz model system can
vividly demonstrate the emission narrowing process and
mechanism, which not only contributes to a better under-
standing of the structure–property relationship but also
provides a general strategy for the molecular design of high
color-purity luminescent materials.
Results and discussion
Photophysical properties

The four model compounds were synthesized, as detailed in the
SI. Their absorption and emission spectra were measured in
a toluene solution (1 × 10−5 M) and are shown in Fig. 1. All of
them demonstrate twomain absorption bands, corresponding to
the absorption of aromatic units in the short-wavelength region
and the absorption of the p-conjugated molecular backbone in
Fig. 1 UV/Vis absorption (dotted lines) and emission spectra (solid
lines) of four IDCz model compounds in toluene solution (1 × 10−5 M).
I0-1/I0-0 is the intensity ratio of the vibrational 0-1 peak to the central
0-0 peak.

22426 | Chem. Sci., 2025, 16, 22424–22437
the long-wavelength region, respectively. Regarding the emission
properties, the four compounds exhibit a red-shied emission
maximum (DPA-Cz: 408 nm, ID-Cz: 413 nm, 2ID-Cz: 429 nm, and
3ID-Cz: 444 nm) as the p-conjugated plane increases. Their
photoluminescence (PL) lifetimes were determined to be 4.06 ns,
7.55 ns, 6.29 ns, and 5.69 ns, respectively. These are all assigned
to the uorescent emission characteristics, as shown in the
transient photoluminescence decay curves (Fig. S2 of the SI).
With increasing p-conjugated plane, their photoluminescence
quantum yields (PLQYs) show a gradual increase of 7.47%,
25.35%, 36.83%, and 48.81%, respectively. For better under-
standing, both radiative rates (kr) and non-radiative rates (knr) of
these four compounds were estimated based on their PL life-
times and PLQYs.102 As a result, their gradually increased PLQYs
from DPA-Cz to 3ID-Cz can be ascribed to the accelerated radi-
ative rates (kr) and the suppressed non-radiative rates (knr) with
increasing p-conjugated plane. Interestingly, the emission
spectra of these four compounds in toluene solution narrow as
the p-conjugated plane increases, which corresponds to a grad-
ually decreasing FWHM value of 44 nm, 36 nm, 33 nm, and
10 nm, respectively. In detail, except for DPA-Cz (a prominent
peak at 408 nm and a shoulder at 428 nm), the other three
compounds all show clear vibronic structures in their emission
spectra, corresponding to three vibronic peaks (0-0, 0-1, 0-2): ID-
Cz (413 nm, 420 nm, 430 nm), 2ID-Cz (429 nm, 440 nm, 450 nm),
3ID-Cz (444 nm, 450 nm, 460 nm), respectively. A summary of the
photophysical properties for all four compounds in different
states is provided in Tables S1–S4. Notably, the intensity ratios of
vibronic subpeak (0-1) to vibronic central peak (0-0) are esti-
mated to be 0.70, 0.63, 0.58, and 0.26 for these four compounds,
respectively, indicating that the vibronic subpeaks (0-1 and 0-2)
are effectively suppressed with the gradual locking of the
benzene ring. Obviously, a decrease in the intensity of the sub-
peak (0-1) contributes to the narrowing of the emission spectrum
from DPA-Cz to 3ID-Cz. In particular, 3ID-Cz exhibits the nar-
rowest FWHM of only 10 nm in the emission spectrum, which is
dominated by only the vibronic main peak (0-0), excluding the
inuence of other vibronic subpeaks (0-1 and 0-2). At the same
time, the vibronic main peaks (0-0) of these four compounds are
signicantly narrowed with an increase in the p-conjugated
plane, corresponding to the FWHMs of 44 nm, 14 nm, 12 nm,
and 10 nm, respectively. Furthermore, to clarify the nature of the
excited state, the absorption and emission spectra were
measured in different solvents (hexane, ethyl ether, toluene,
tetrahydrofuran, and acetonitrile). The Lippert–Mataga sol-
vatochromic model of these compounds is provided in Fig. S4 of
the SI. With the increase in solvent polarity, the redshi degree
of the emission wavelengths gradually decreases from DPA-Cz to
3ID-Cz, while changes in the absorption wavelengths can almost
be ignored. Among them, DPA-Cz exhibits the most obvious
solvatochromic effect, accompanied by disappearing vibronic
structure and spectral broadening (as shown in Fig. S1 of SI),
indicating the excited state characteristic of intramolecular
charge transfer (CT). In contrast, the other three compounds
exhibit a weak solvatochromic effect and retain clear vibronic
structures with increasing solvent polarity, which is attributable
to the main characteristic of the locally excited (LE) state,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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characterized by a relatively small dipole moment. For the solid-
state photophysical properties, these four compounds were
doped into polymethyl methacrylate (PMMA) at a weight ratio of
1 wt% to prepare their monodisperse lms, respectively. Just as
in the toluene solution, the doped lms also exhibit a progres-
sively narrowed emission spectrumwith increasingp-conjugated
plane, together with a similar changing trend in other photo-
physical properties (Fig. S8 and S9). Overall, these four
compounds are indeed ideal model molecules for studying the
behavior and mechanism of emission spectrum narrowing,
which aligns well with our molecular design goals.
Theoretical analysis

To better understand the mechanism of emission spectrum
narrowing, density functional theory (DFT) and time-dependent
DFT calculations were performed at the 6-31G(d,p) level for
these four model molecules using the Gaussian 16 (version A.03)
package.103 For the sake of accuracy, several different functionals
(O3LYP, B3LYP, PBE0, andM062X) were used in the calculations.
Findings were compared with the experimental results. Theo-
retical results for B3LYP are in the best agreement with the
experimental emission wavelengths of these four molecules (the
calculation results are listed in Table S5 of SI), so subsequent
calculations were carried out at the level of B3LYP/6-31G(d,p).
First, their ground-state (S0) and excited-state (S1) geometries
were optimized, respectively, as demonstrated in Fig. 2a and
Tables S7–S10. From DPA-Cz to 3ID-Cz, the molecular p-conju-
gated plane is gradually enlarged in both S0 and S1 states as the
Fig. 2 (a) Optimized S0 and S1 geometries and reorganization energy (l
DPA-Cz, ID-Cz, 2ID-Cz, 3ID-Cz, and perylene. All of the optimized geo
basis level. (b) Frontier molecular orbitals (HOMOs and LUMOs) and ene

© 2025 The Author(s). Published by the Royal Society of Chemistry
number of locked benzene rings increases. Correspondingly,
their reorganization energies (l) signicantly decrease with
increasing p-conjugated plane along the electron (de)excitations
of S0 / S1 and S1 / S0, respectively, indicating the gradual
enhancement of molecular rigidity. Then, the frontier molecular
orbitals (FMOs) and electronic energy levels of these four model
molecules were calculated in the S0 state, as shown in Fig. 2b.104

For DPA-Cz, the highest occupied molecular orbital (HOMO) is
distributed across both the carbazole and diphenylamine
groups. In contrast, the lowest unoccupied molecular orbital
(LUMO) is predominantly localized on the carbazole group,
indicative of obvious intramolecular CT characteristics. In
contrast, for the other three molecules (ID-Cz, 2ID-Cz, and 3ID-
Cz), the HOMOs are primarily delocalized over the N-hetero-
atoms and the locked benzene rings, with a small contribution
from the unlocked benzene rings. In addition, their LUMOs are
almost entirely localized on the locked benzene rings, rather
than on the unlocked benzene rings. With increasing p-conju-
gated plane, both HOMO and LUMO exhibit enhanced p-orbital
delocalization and gradually stabilizing energy levels. Notably,
the energy level of LUMO decreases more signicantly than that
of HOMO from DPA-Cz to 3ID-Cz, resulting in a reduction in the
HOMO–LUMO energy gap, which is consistent with the gradual
redshi of emission mentioned above.

Furthermore, the natural transition orbitals (NTOs) were
calculated to analyze the electron transition properties of S1 /
S0 in these four model molecules. As shown in Fig. 3a, the hole–
electron pair wavefunction reveals that the DPA-Cz molecule
demonstrates obvious CT characteristics in the geometry of the
I and lII correspond to the S1 / S0 and S0 / S1 transition process) of
metries were calclulated using the B3LYP functional at the 6-31G (d,p)
rgy levels of DPA-Cz, ID-Cz, 2ID-Cz, 3ID-Cz, and perylene.

Chem. Sci., 2025, 16, 22424–22437 | 22427
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Fig. 3 (a) The NTOs of DPA-Cz, ID-Cz, 2ID-Cz, 3ID-Cz and perylene; (b) the charge variation (DQ) on each atoms of DPA-Cz, ID-Cz, 2ID-Cz,
3ID-Cz and perylene; (c) the bond length changes (DL) between ground state (S0) and excited state (S1) of DPA-Cz, ID-Cz, 2ID-Cz, 3ID-Cz and
perylene (the red color represents the elongation of bond length, while the blue color denotes the shortening of bond length, and the color
depth is proportional to the magnitude of bond length change).
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S1 state, with the wavefunction shiing from the diphenylamine
group to the carbazole unit. This result agrees well with the
signicant solvatochromic effect observed in the experiment.
Comparatively, the ID-Cz, 2ID-Cz, and 3ID-Cz predominantly
exhibit LE excited state characteristics, as the vast majority of
electronic transitions are concentrated in the rigid planar part
of the molecules. This localization coincides with the minimal
solvatochromic effect in the experiment in Fig. S1. Based on the
NTOs, electronic transition properties can be identied for
these four model molecules. Fig. 3a indicates that the incor-
poration of N-heteroatoms alters the characteristics of the
electronic transition from a pure p/ p* transition of perylene,
a typical characteristic in PAHs, to a mixed transition with both
n/ p* and p/ p* components. In four model molecules, the
p / p* transition involves the electron transition between p

and p* orbitals of benzene rings. In contrast, the n / p*

transition corresponds to the electron transition of lone pair
electrons (n-electrons) from the N-heteroatoms to the p* orbital
of benzene rings. To quantify the actual contribution of the n/

p* transition, the electronic transition composition of the S1 /
S0 in the four model molecules was analysed by using the inter-
fragment charge transfer (IFCT) method.105–107 For simplicity,
eachmodel molecule is divided into three main fragments: frag-
1 and frag-2 represent two N-heteroatoms. In addition, frag-3
contains all the carbon (C) and hydrogen (H) atoms of the
22428 | Chem. Sci., 2025, 16, 22424–22437
benzene rings in each molecule (Tables S11–S14). Thus, the
electronic de-excitation between S1 and S0 states can be
approximated as the electron transition among these three
fragments. According to the results of IFCT calculation, the n-
electron orbitals of the two N-heteroatoms contribute
a certain percentage to the hole wavefunction, corresponding to
23.53% of DPA-Cz, 24.08% of ID-Cz, 20.45% of 2ID-Cz, and
18.02% of 3ID-Cz, respectively. At the same time, natural atomic
orbitals (NAO) calculations show that the contribution of the n
/ p* transition is 17.82%, 30.54%, 26.26% and 23.04%,
respectively, for the four compounds.108 Apart from the contri-
bution of the n/ p* transition, the remaining percentages are
attributed to the p / p* transition, which is limited to the
benzene rings and accounts for 82.18% of DPA-Cz, 69.46% of
ID-Cz, 73.74% of 2ID-Cz, and 76.96% of 3ID-Cz, respectively. It
is worth noting that the lone pair n-electron in the hole wave-
function is conned to the two N-heteroatoms themselves and
rarely delocalizes to adjacent atoms. Presumably, the reduction
of electron density caused by the n / p* transition is also
localized on the N-heteroatoms, unlike the typical p / p*

transition of perylene, where the electron density change is
delocalized on the p-conjugated molecular skeleton, especially
between C–C and C]C bonds. As a result, the heteroatom-
based localization of charge variation will result in a negli-
gible geometry change during the S1/ S0, corresponding to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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minimized vibronic coupling and a narrowed emission spec-
trum. To verify this hypothesis, the charge redistribution of
these four molecules was calculated upon the electronic exci-
tation between S1 and S0 states. This result reveals a negative net
variation in charge population on the two N-heteroatoms:
−0.22e for DPA-Cz, −0.23e for ID-Cz, −0.19e for 2ID-Cz, and
−0.17e for 3ID-Cz, respectively. To maintain electrical
neutrality, the remaining ve benzene rings of each compound
exhibit a positive charge variation in an equal amount. For
analytical simplicity, both charge gain and loss (positive and
negative variations) are uniformly regarded as positive contri-
butions, as the magnitude of charge variation, rather than its
sign, directly correlates with the degree of geometry relaxation
in these molecules. Additionally, we used the same calculation
method to assess the charge variation of perylene. The detailed
charge variation on each atom of these compounds is summa-
rized in Tables S15–S19 of the SI. As illustrated in Fig. 3b, charge
variation (DQ) predominantly occurs on the rigid planar part of
the molecules. Obviously, charge variation in the unlocked
benzene ring can be almost ignored in the rst three molecules,
except for the two on the diphenylamine in DPA-Cz. With an
increase in the p-conjugated plane, the charge variation grad-
ually concentrates on the central benzene ring and the two N-
heteroatoms, demonstrating a decreasing trend. Notably,
charge variation on the peripheral locked benzene rings is also
gradually diminished. This trend is manifested not only in the
reduction of the total charge variation on the locked benzene
rings as estimated by the IFCT method but also in the decrease
of the average charge variation on each peripheral locked
benzene ring, as a result of the increase in the number of locked
benzene rings. To establish the correlation between charge
variations and geometry changes, the bond length changes of
the C–C and C–N bonds were calculated between the S1 and S0
states; these are listed in Tables S20–S24 and Fig. S12. As
depicted in Fig. 3c,109 consistent with the charge redistribution
pattern, the changes in bond length primarily occur in the rigid,
planar part of the molecules. In contrast, changes of bond
length in the unlocked benzene rings are almost negligible.
With increasing p-conjugated plane, both the central and
peripheral locked benzene rings show reduced uctuations in
bond lengths, and signicant bond length changes gradually
move toward the central benzene ring and the covalent bonds
related to the two N-heteroatoms in 3ID-Cz. Compared with 3ID-
Cz, the rigid perylene also shows greater charge variation and
larger bond length change upon electronic excitation, which
may be due to the absence of n / p* transition. In addition, it
is noteworthy that the four carbon atoms on the horizontal
symmetry axis of perylene do not undergo electronic excitation
and exhibit almost no charge variation, which corresponds well
with the unchanged bond length. This further conrms the
correlation between charge variation and geometry change.
These ndings demonstrate the synchronous direct proportion
relationship between charge variation and geometry relaxation,
which vividly reveals the essence of vibronic coupling. The
geometry changes are caused by charge redistribution upon
electron (de)excitation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Moreover, the vibronic coupling was quantitatively calcu-
lated to understand the formation of the vibronic ne structures
and the nature of the narrowing emission spectrum. For this
purpose, the reorganization energy and Huang–Rhys (HR)
factors of these four model molecules and perylene were
calculated, and their vibronically resolved emission spectra
were simulated using the MOMAP package.110–112 As shown in
Fig. 4a, the reorganization energy of the four molecules is given
for all active vibration modes. Overall, with an increase in the
locked benzene rings, both the total reorganization energy and
the active vibration modes signicantly decrease, indicating
that vibronic coupling is greatly weakened from DPA-Cz to 3ID-
Cz. Although the low-frequency vibration modes exhibit a larger
HR factor than the high-frequency modes (Fig. S13), they
generally contribute very little to the reorganization energy and
the broadening of the emission spectrum, because they have
a smaller vibrational energy than the high-frequency ones. On
the contrary, the high-frequency vibronic coupling is generally
responsible for the generation of vibronic ne structures,
resulting in a substantial broadening of the emission spectrum.
For a clear comparison, the high-frequency region is high-
lighted in the range of 1200–1700 cm−1, as shown in Fig. 4a.
Importantly, in this region, two main categories of vibration
modes contribute to the vibronic coupling: (1) the combined
vibration of C–N and C–C stretching based on the central
benzene ring (1200–1500 cm−1), and (2) the C–C stretching
vibration of the peripheral benzene ring (1500–1700 cm−1).99,113

For ease of understanding, the major-contribution vibration
modes in both low-frequency and high-frequency regions are
illustrated in Fig. 4a, which primarily contribute to the vibronic
coupling in these molecules.

Meanwhile, their vibronically resolved emission spectra are
theoretically simulated, as shown in Fig. 4b. The simulated
emission spectra are all in good agreement with the experi-
mental uorescence spectra, especially for the vibronic ne
structures, which well veries the reliability of the whole
calculations. Obviously, the 0-0 vibronic main peak of the
emission spectrum is affected by the low-frequency vibration
modes, while the other vibronic ne peaks can be ascribed to
the contribution of high-frequency vibration modes, especially
for the 0-1 peak in this molecular series. In contrast, DPA-Cz
exhibits the most ambiguous vibronic ne structure and the
broadest emission spectrum, resulting from the strongest
vibronic coupling in both low-frequency and high-frequency
regions among these four model molecules. With the expan-
sion of p-conjugated plane, the vibronic coupling in both low-
frequency and high-frequency regions signicantly decreases,
resulting in the gradual narrowing of the simulated emission
spectrum from ID-Cz to 3ID-Cz. Notably, the two main types of
high-frequency vibration modes contribute to the intensity of
the 0-1 peak in the simulated emission spectrum, correspond-
ing to the combined vibration of C–N and C–C stretching based
on the central benzene ring (1200–1500 cm−1) and the C–C
stretching vibration of the peripheral benzene ring (1500–
1700 cm−1), respectively.99,114 Overall, their piecewise sums of
reorganization energy are also obviously decreased with an
increase in the p-conjugated plane (Fig. 4c and Table S25),
Chem. Sci., 2025, 16, 22424–22437 | 22429
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Fig. 4 (a) Reorganization energy versus normal-mode frequency at the S0 potential energy surface, and the high-frequency region is highlighted
in the range of 1200–1700 cm−1 for clarity. (b) Simulated vibronically resolved emissions spectra of DPA-Cz, ID-Cz, 2ID-Cz, 3ID-Cz, and
perylene. (c) The total l in 0–1200 cm−1 (white background), 1200–1500 cm−1 (red background) and 1500–1700 cm−1 (blue background)
frequency region.
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which facilitates the suppression of the 0-1 ne peak from ID-Cz
to 3ID-Cz, resulting in a gradually narrowing emission spec-
trum. Notably, these main-contribution vibration modes align
with the most signicant geometry change between the S1 and
S0 states, which also corresponds to the region of maximum
charge variation induced by electronic excitation. For instance,
the C–N and C–C stretching vibrations based on the central
benzene ring (1433 cm−1) contribute the largest reorganization
energy in 3ID-Cz, coinciding with the most signicant charge
variation on the two N-heteroatoms and central benzene ring
during the electronic excitation. At the same time, the reorga-
nization energy contributed by the C–C stretching vibrations
(1500–1700 cm−1) signicantly decreases from DPA-Cz to 3ID-
Cz, corresponding to the effective suppression of high-
frequency vibronic coupling from peripheral locked benzene
rings. The reason is that, with an increase in the number of
locked benzene rings, their charge variations decrease and
average due to electron delocalization and the dilution effect,
resulting in smaller bond length changes in the peripheral
locked benzene rings, as mentioned above. In comparison, the
22430 | Chem. Sci., 2025, 16, 22424–22437
rigid perylene exhibits a much broader emission spectrum
(higher 0-1 and 0-2 ne peaks) than 3ID-Cz, resulting from the
stronger vibronic coupling (larger reorganization energy) of
perylene in both low-frequency and high-frequency regions.
This suggests that the narrowing of the emission spectrum is
not feasible solely through the planar rigid PAHs with the p /

p* transition, while heteroatom embedding is necessary to
form the n / p* transition. All of the mentioned main vibra-
tion modes in each frequency range of these compounds are
listed in Fig. S14–S18 and Tables S26–S30 of the SI.

Overall, the mechanism of the emission spectrum narrowing
in the IDCz molecular system can be claried, as shown in
Fig. 5. On the one hand, the introduction of N-heteroatoms
induces the n / p* transition from the N-heteroatoms to the
benzene rings, which partially replaces the pure p / p* tran-
sition in PAH molecules. Due to the atom-based localization of
n-orbital, the n / p* transition substantially reduces charge
variations on the benzene rings upon electronic excitation,
especially between C–C and C]C bonds of the benzene ring.
Thus, the less the charge variation, the smaller the geometry
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanism of emission spectrum narrowing.
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change (DD), which corresponds to a decrease in reorganization
energy and vibronic coupling. Meanwhile, as the number of
peripheral benzene rings increases, the charge variations on the
benzene rings are signicantly diluted and averaged upon
electronic excitation. This dilution effect also leads to the
obviously reduced geometry changes (DD), especially on the
peripheral locked benzene rings. With increasing p-conjugated
plane, the reorganization energy decreases signicantly, corre-
sponding to the suppressed vibronic coupling, particularly for
high-frequency C–C stretching vibrations on the peripheral
locked benzene rings, which effectively suppresses the intensity
of the 0-1 vibronic ne peak in the emission spectrum. As
a result, these two factors work together to suppress the 0-1
vibronic ne peak, narrowing the emission spectrum from DPA-
Cz to 3ID-Cz. Based on the above understanding, the general
molecular design strategy for achieving a narrow emission
spectrum can be proposed: (1) a planar rigid molecular struc-
ture with heteroatoms and benzene rings as the basic building
blocks should be designed to avoid the formation of the long-
range CT, due to the strong vibronic coupling caused by
maximal charge variations before and aer electronic excita-
tion; (2) the heteroatoms should be selected as electron-rich
(e.g., N) or electron-decient (e.g., B) atoms or the combina-
tion of both, which form the n / p*, p/p*

z ðBÞ or n/p*
zðBÞ
© 2025 The Author(s). Published by the Royal Society of Chemistry
transitions to alleviate the charge variation on benzene rings
upon electronic excitation, effectively suppressing the vibronic
coupling from high-frequency C–C stretching of the benzene
rings; (3) the molecular symmetry needs to be taken into
account to dilute the charge variation upon electronic excitation
by increasing the number of benzene rings with equal status.
Expectedly, this strategy can guide the design of novel molec-
ular systems, especially beyond classic B/N systems, to achieve
narrow FWHM emission with high color purity.
Conclusions

In summary, through the variable combination of two N-
heteroatoms and ve benzene rings, four model compounds
based on indolocarbazole (IDCz) were designed and synthesized
to better understand the structure–property relationship for
narrowing the emission spectrum. In the experiment, the
FWHM of their emission spectra gradually narrows as the p-
conjugated plane increases, which is due to the suppression of
the 0-1 vibronic ne peak. Theoretical calculations reveal that
vibronic coupling gradually weakens with an increase in the p-
conjugated plane due to the signicant decrease in the number
of active vibration modes in both high-frequency and low-
frequency regions. Essentially, the electron transition was
Chem. Sci., 2025, 16, 22424–22437 | 22431
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analyzed to understand the vibronic coupling in these four
model molecules, as the charge redistribution variation caused
by electronic excitation is proportional to the change in
molecular geometry. On the one hand, the introduction of N-
heteroatoms forms the n / p* transition, which partially
replaces the p / p* transition, leading to a reduction in the
charge variations on the benzene rings; on the other hand, with
an increasing number of locked benzene rings, the charge
variations in the benzene rings were diluted and averaged,
resulting in suppressed vibronic coupling of C–C stretching on
the peripheral benzene rings and the narrowed emission spec-
trum. Overall, this work intuitively demonstrates the emission
narrowing process based on the IDCz model system, which not
only contributes to a better understanding of the structure–
property relationship but also provides molecular design guid-
ance for high-color-purity luminescent materials.
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