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Carbazole-linked through-space TADF emitters
for OLEDs: tuning photophysics via molecular
architecture and exciton dynamics

Sanyam, 2 Nishi Tejiyan and Anirban Mondal 2 *

Thermally activated delayed fluorescence (TADF) offers a promising route to highly efficient organic
light-emitting diodes (OLEDs), yet conventional D-A-D and A-D-A architectures often suffer from con-
formational flexibility, leading to multiple singlet excited states and enhanced non-radiative decay. These
effects compromise both emission efficiency and color purity. While multi-resonant TADF (MR-TADF)
systems provide improved rigidity, their planar structures favor m—m stacking, causing aggregation-
induced quenching (ACQ). This study presents a molecular design strategy integrating a carbazole unit
as a rigid, non-planar bridge to mitigate intramolecular rotation and suppress ACQ by disrupting parallel
stacking. A set of 21 such D-A-D and A-D-A type molecules was computationally designed and ana-
lyzed. The optimized structures exhibit spatially separated frontier orbitals, resulting in small singlet—tri-
plet energy gaps (AEst), fast radiative and reverse intersystem crossing rates, and near-unity
photoluminescence quantum yields (PLQYs). Exciton dynamics simulations further confirm efficient
TADF behavior, while molecular dynamics trajectories reveal conformational stability and through-space
charge transfer characteristics. Notably, A1-D3-Al achieves an exceptionally small AEst of 0.001 eV
and the highest krapr Of 1.34 x 10° s%, enabling rapid triplet harvesting, while D1-A2-D3 combines
high oscillator strength with efficient TADF dynamics. These results demonstrate that subtle architectural
tuning can yield substantial performance improvements, highlighting carbazole-bridged TADF emitters
as a pathway toward stable, high-efficiency OLED materials.

often suffer from intrinsic limitations due to flexible single
bonds connecting the donor and acceptor fragments. Such
conformational freedom facilitates intramolecular rotations

Thermally activated delayed fluorescence (TADF) compounds
have emerged as a promising class of organic materials for
applications in organic light-emitting diodes (OLEDs) and
advanced display technologies."™® Based on their underlying
electronic architectures, TADF emitters are broadly classified
into two categories: (i) conventional donor-acceptor-donor
(D-A-D) or acceptor-donor-acceptor (A-D-A) structures,””°
and (ii) multi-resonant TADF (MR-TADF) systems.'®" In the
case of D-A-D or A-D-A type molecules, the highest occupied
molecular orbital (HOMO) is typically localized on the donor
units, while the lowest unoccupied molecular orbital (LUMO) is
situated on the acceptor moieties. This pronounced spatial
separation of frontier orbitals leads to a small singlet-triplet
energy gap (AEsy ~ 0 eV), which promotes efficient reverse
intersystem crossing (RISC) and enables the upconversion of
non-emissive triplet excitons into delayed fluorescence.">™°
Despite these advantages, D-A-D and related architectures

Department of Chemistry, Indian Institute of Technology Gandhinagar, Gujarat,
382355, India. E-mail: amondal@iitgn.ac.in

6978 | Mater. Adv,, 2025, 6, 6978-6990

that open up non-radiative decay pathways and lead to a
distribution of conformers with varying emission characteris-
tics. As a result, these systems frequently exhibit diminished
emission efficiency and poor color purity, posing challenges for
their integration into high-performance OLED devices.'” >
Multi-resonant TADF materials have been developed to over-
come the limitations of flexible D-A-D-type TADF emitters.
In these systems, the charge-transfer process is confined within
a rigid and fully conjugated molecular framework, effectively
suppressing intramolecular rotations and minimizing non-
radiative decay pathways. MR-TADF molecules typically inte-
grate boron atoms—featuring empty p-orbitals—as electron
acceptors and heteroatoms such as nitrogen, oxygen, or sulfur
as electron donors, all embedded within a single planar aro-
matic scaffold. The structural rigidity of this design not only
enhances photophysical stability but also leads to impressive
external quantum efficiencies (EQEs) and photoluminescence
quantum yields (PLQYs), as demonstrated by numerous recent
MR-TADF emitters developed across various research groups.'* ™
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However, the enhanced rigidity of MR-TADF systems also intro-
duces new challenges. In particular, the closer spatial proximity of
the donor and acceptor fragments often leads to increased overlap
between the HOMO and LUMO orbitals, thereby enlarging
the AEsr and potentially reducing RISC efficiency. Moreover, the
inherently planar geometries of MR-TADF molecules facilitate
strong - interactions in the solid state or at high concentrations,
leading to aggregation-caused quenching (ACQ) and reduced
device performance.”*** These n-n stacking interactions typically
form H-type aggregates—characterized by nearly perpendicular
arrangements of molecular planes—which hinder radiative decay
from the first singlet excited state (S;).>*>® Recent studies further
reveal that such parallel stacking in MR-TADF systems extends
excited-state lifetimes and slows down emission processes, further
limiting their practical utility.>

To circumvent these issues, emerging strategies have
focused on hybrid molecular designs that combine the favor-
able features of both MR-TADF and conventional D-A-D archi-
tectures. Such frameworks aim to achieve a delicate balance:
maintaining a narrow AEgr while simultaneously suppressing
detrimental n-r stacking and minimizing non-radiative decay.
Recent works introduced a class of hybrid emitters that exhibit
structural rigidity alongside controlled electronic separation,
thereby mitigating ACQ without compromising efficiency.'**!
Several recent studies have further expanded the design space. For
example, flexible donor units combined with sulfoxide-locked
acceptors leveraged intramolecular hydrogen bonding to restrict
phenyl rotations and stabilize conformations.** Another approach
demonstrated the synergistic integration of aggregation-induced
emission (AIE) with TADF, which allowed fine-tuning of AEgr and
enabled efficient emission in both solution and solid state.*® More
recently, covalent incorporation of carbonyl and sulfoxide linkers
was shown to enhance intramolecular interactions, suppress frag-
ment rotations, and reduce non-radiative decay, thereby improving
photophysical stability and device performance.** Nevertheless,
even these rigid hybrids can exhibit residual aggregation effects,
and the synthesis of fully fused backbones often demands more
complex, multi-step routes compared to the relatively modular
construction of D-A-D-type molecules.

In a complementary approach, Cheng et al. proposed a novel
design paradigm in which donor and acceptor moieties are
arranged in spatially well-separated geometries, enabling
charge transfer to occur through space rather than via conven-
tional conjugated pathways.’>° This strategy effectively mini-
mizes HOMO-LUMO overlap, helping to maintain a small
AEgr, while also suppressing undesired n-n stacking interac-
tions that often plague planar MR-TADF systems. As a result,
such through-space charge-transfer (TSCT) architectures offer
an attractive alternative to conventional TADF designs by
combining structural rigidity, spectral stability, and high quan-
tum efficiencies. However, this design strategy, while promis-
ing, raises a fundamental question: Is through-space charge
transfer alone sufficient to ensure efficient TADF emission?
Furthermore, the full exploration of chemical space encompassing
all donor and acceptor moieties reported in such systems remains
a significant challenge. Gaining more profound insight into the
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structure-property relationships that govern the photophysical
performance of TSCT molecules is essential to guide rational
emitter design. In particular, the influence of molecular symmetry
on excited-state dynamics requires thorough investigation to
determine whether symmetric frameworks yield advantages over
asymmetric ones. A comparative assessment of D-A-D versus
A-D-A topologies within a rigid framework is needed to establish
generalizable design rules for maximizing RISC rates and optimiz-
ing emission efficiency in TADF systems.

To address these open questions and elucidate key struc-
ture-property correlations, the present study systematically
investigates a chemically diverse set of TADF emitters.
We explore a library of 21 carbazole-based molecules featuring
both D-A-D and A-D-A configurations, with variations in
donor identity, acceptor positioning, and molecular symmetry.
Among these, three compounds have already been synthesized
and characterized experimentally,®>*° offering benchmarks for
validating our computational methodology. Our results reveal
that the spatial separation of frontier orbitals in these mole-
cules consistently leads to small AEgr, favorable oscillator
strengths, and high radiative decay rates—features that collec-
tively point toward efficient TADF activity. Notably, the charge-
transfer process in these molecules occurs predominantly
through space rather than through extended conjugation,
providing further support for the TSCT design paradigm.

This work offers a comprehensive theoretical framework for
understanding how molecular topology, symmetry, and orbital
arrangement collectively influence TADF behavior in rigid,
carbazole-based systems. By bridging design concepts from
MR-TADF and TSCT architectures, our study identifies key
structure-property trends that enable the simultaneous realiza-
tion of small AEgy, high PLQY, and suppressed non-radiative
losses. The novelty of our approach lies in the systematic
comparison of symmetric versus asymmetric motifs across both
D-A-D and A-D-A frameworks, focusing on uncovering general
principles that transcend specific chemical structures. These
insights pave the way for the rational design of next-generation
TADF emitters tailored for high-efficiency OLED applications.

2. Methods

The molecular structures examined in this study are illustrated
in Fig. 1. The design of the target compounds draws inspiration
from the through-space charge-transfer architectures recently
proposed by Cheng et al,**?° incorporating key structural
motifs known to facilitate TADF behavior. Electron-donating
groups such as methoxy and N,N,N-triphenylamine were
selected for their strong donor characteristics while nitrogen-
containing phenyl rings were employed as electron-accepting
units to promote spatial orbital separation. To suppress unde-
sirable n-n stacking and aggregation-caused quenching, steri-
cally bulky tert-butyl substituents were strategically introduced.
Among the various bridging units reported for TSCT-TADF
emitters—such as phenyl rings, oxygen or sulfur linkers, and
fully fused polycyclic scaffolds—the carbazole moiety offers a

Mater. Adv., 2025, 6, 6978-6990 | 6979
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Fig. 1 Chemical structures of the 21 investigated TADF compounds comprising both symmetric and asymmetric architectures. The molecules are
constructed using various combinations of three donor and two acceptor fragments, incorporating tert-butyl substitutions to suppress aggregation.

unique combination of rigidity, non-planarity, and synthetic
accessibility. While phenyl bridges can provide spatial separa-
tion of HOMO and LUMO, they often retain greater conforma-
tional flexibility. Heteroatom linkers (O, S) enable electronic
fine-tuning but may introduce rotational degrees of freedom,
increasing non-radiative losses. Fully fused architectures deli-
ver high rigidity yet can promote n-n stacking and aggregation-
caused quenching. In contrast, carbazole effectively enforces
donor-acceptor spatial separation, supports efficient through-
space charge transfer, and suppresses parallel stacking—attri-
butes that are central to the present molecular design strategy.

A total of 21 molecules were systematically constructed and
analyzed, encompassing both symmetric and asymmetric configura-
tions with varying donor-acceptor topologies. The molecular library
spans combinations of three donor units and two acceptor frag-
ments, as detailed in Fig. S1 of the SI. This set was designed to
explore the influence of structural symmetry and substitution pat-
terns on the photophysical properties relevant to TADF performance.

2.1. QM calculations

All quantum chemical calculations were performed using the
ORCA v.5.0.3 software package.?” Ground-state geometries (S,)

6980 | Mater. Adv., 2025, 6, 6978-6990

were optimized using the B3LYP exchange—-correlation func-
tional in conjunction with the 6-31G(d) basis set. Dispersion
interactions were accounted for using Grimme’s D3 correction
with Becke-Johnson damping (D3B]J).*® The B3LYP functional
with D3 dispersion correction and the 6-31G(d) basis set offers
a reliable balance between computational efficiency and accuracy,
particularly for large organic molecules exceeding 200 atoms. This
level of theory has been widely validated in previous studies of
TADF emitters and is well-suited for capturing key photophysical
properties relevant to the present work.>>*%*° Solvent effects were
included through the conductor-like polarizable continuum
model (CPCM), with toluene (¢ = 2.3741) as the implicit solvent
medium. Following geometry optimization, single-point time-
dependent DFT (TD-DFT) calculations were performed on the
optimized structures to compute vertical excitation energies of the
lowest five singlet (S;-Ss) and triplet (T;-Ts) states. Spin-orbit
coupling (SOC) matrix elements between the singlet and triplet
manifolds were evaluated at this level to facilitate the estimation
of intersystem crossing (ISC) and reverse intersystem crossing
rates. The radiative decay rate (kpr) was computed using the
Einstein spontaneous emission formula,*® which relates oscillator
strength to transition energy. Intersystem processes were modeled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using Fermi’s Golden rule,*"** where the rates depend on both
the SOC elements and energy gaps between relevant states. For
ISC and RISC rates, we employed the semi-classical Marcus
expression,*>** which neglects vibrational reorganization effects
and assumes weak coupling. While this simplification omits
electron-phonon interactions, it remains widely accepted in the
TADF literature due to its computational efficiency and reason-
able accuracy for qualitative and semi-quantitative analysis.****
We analyzed the charge transfer character using the Multiwfn
program to understand the nature of the excited states further.*
Specifically, we computed the charge transfer number and
the centroid distance between electron-donating and electron-
accepting regions, extracted from the density difference plots.
These plots, which visualize the redistribution of electron density
upon excitation, were rendered using the VESTA software
package.’® Together, these analyses provide insight into the
spatial characteristics and through-space versus through-bond
nature of electronic excitations in the studied systems.

2.2. Analytical simulations

The protocol used for numerical simulations follows the frame-
work established initially by Blom et al.*” and subsequently
adopted in our earlier studies."” These simulations were used
to estimate the photoluminescence quantum yields and time-
resolved exciton decay profiles by solving coupled rate equations
incorporating radiative, non-radiative, ISC, and RISC channels.
All equations used for calculating rate constants—radiative, ISC,
and RISC—are provided in the SI, along with a detailed descrip-
tion of the simulation assumptions, number of states considered,
and initial exciton population.

2.3. Molecular dynamics simulations

To further understand the bulk morphology and compare the
structural characteristics of A-D-A and D-A-D architectures,
molecular dynamics (MD) simulations were carried out on
two representative compounds: A1-D1-A1 and D1-A1-D1. The
simulations were performed using the GROMACS software
package,*®*® and the resulting trajectories and final morpho-
logies from the production runs were subjected to detailed
structural analysis. To assess conformational stability and
flexibility, we evaluated several structural metrics, including
dihedral angle distributions, bond angle fluctuations, root-
mean-square deviations (RMSD), and the time evolution of
donor-acceptor distances. These analyses provide insights into
the dynamic behavior of the two molecular topologies under
ambient conditions. Additional details regarding the MD simu-
lation setup and protocols are provided in the SI.

3. Results and discussion

As already highlighted, 21 TADF molecules were designed using
various donor and acceptor fragment combinations, as shown
in Fig. S1. Among these, 18 are newly proposed compounds,
while three molecules have already been synthesized and
experimentally studied in previous reports.***® For naming

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistency, we adopted a systematic nomenclature based on
molecular topology: molecules with acceptor-donor-acceptor
configuration are labeled as Ax-Dy-Az, and those with donor-
acceptor-donor configuration as Dx-Ay-Dz, where the subscripts
denote the specific donor or acceptor fragment used. This scheme
includes both symmetric (e.g:, Ax-Dy-Ax or Dx-Ay-Dx) and asym-
metric (e.g., Ax-Dy-Az or Dx-Ay-Dz) structures. To validate
the reliability of our computational methodology, we compared
the calculated singlet-triplet energy gaps (AEsr) and emission
wavelengths with available experimental data for the three
known compounds.*>*® A side-by-side comparison is provided
in Table S1. The close agreement between the computed and
experimental values of AEgy, emission wavelength, and photo-
luminescence quantum yield confirms the robustness and
predictive accuracy of the computational framework used in
this study.

3.1. Photophysical parameters

The key photophysical properties of the studied TADF emitter-
s—including the singlet-triplet energy gap (AEsr), spin-orbit

coupling matrix elements (HS&,T‘>, emission wavelengths (1),

and oscillator strengths (f)—are summarized in Table 1.
As evident from the data, all 21 molecules exhibit character-
istically small A Egy values, consistent with their through-space
charge-transfer character arising from the spatial separation of
donor and acceptor orbitals. Among the set, the smallest gap
is observed for the A1-D3-A1 molecule (0.001 eV), while D2-A2-
D2 stands out with the largest value (0.280 eV), reflecting a
more localized excitation in the latter. Overall, A-D-A topo-
logies (e.g., A1-D3-A1, A1-D2-A1, A1-D3-A2) tend to yield
lower AEgr values than their D-A-D counterparts, likely due
to enhanced symmetry in the acceptor environment and more
effective TSCT pathways. Interestingly, molecular symmetry
does not uniformly correlate with smaller gaps—D2-A2-D2,
despite being symmetric, shows a significantly large gap. This
anomaly suggests that electronic localization in both donor and
acceptor units can outweigh the benefits of symmetry in mini-
mizing AEsr.

The spin-orbit coupling elements range from 0.009 cm ™
(D2-A1-D3) to 0.3 cm ™. These values are comparable to those
observed in other reported TADF systems'"'>**%%% and indi-
cate that efficient intersystem crossing and reverse intersystem
crossing are feasible across this molecular set. Despite its large
AEsr, D2-A2-D2 exhibits the highest SOC, which may partially
compensate for its poor energetic alignment in TADF pro-
cesses. The calculated emission wavelengths, evaluated in a
toluene dielectric environment, span a wide range from deep
blue (D2-A2-D2, 405 nm) to golden-yellow emission (D2-A1-D3,
572 nm), confirming the tunability of emission properties through
a strategic donor-acceptor selection. As expected, a trade-off often
exists between small AEg; and oscillator strength due to reduced
orbital overlap in charge-transfer transitions. However, several
compounds—including D1-A2-D1, D1-A2-D3, D2-A2-D3, and
A2-D1-A2—simultaneously exhibit high oscillator strengths
(f > 0.2) and moderate AEgr, identifying them as promising

1
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Table 1 Photophysical properties of the studied TADF molecules. AEst denotes the singlet—triplet energy gap (eV), HSC‘)T‘ is the spin—orbit coupling
matrix element (cm™2), 1 is the emission wavelength (nm), and f is the oscillator strength. kpr represents the fluorescence rate constant (107 s3), while
krisc, Kisc, and ktapr correspond to reverse intersystem crossing, intersystem crossing, and TADF rate constants, respectively 10°s7h

Compound AEgr Hn yi f Kor Krisc fusc rane
D1-A1-D1 0.017 0.109 512 0.013 0.35 8.46 49.00 6.80
D1-A1-D2 0.013 0.028 528 0.009 0.21 0.60 2.96 0.58
D1-A1-D3 0.026 0.042 540 0.107 3.87 0.99 8.14 0.99
D1-A2-D1 0.034 0.029 433 0.318 18.0 0.41 4.55 0.41
D1-A2-D2 0.037 0.024 482 0.146 7.69 0.26 3.20 0.26
D1-A2-D3 0.039 0.073 489 0.412 23.1 2.18 29.50 2.18
D2-A1-D2 0.023 0.033 574 0.127 4.35 0.67 4.87 0.67
D2-A1-D3 0.026 0.009 572 0.131 4.60 0.04 0.35 0.04
D2-A2-D2 0.280 0.300 405 0.117 1.91 0.002 31.20 0.002
D2-A2-D3 0.031 0.042 526 0.325 17.4 0.88 8.73 0.88
D3-A1-D3 0.019 0.013 543 0.021 0.54 0.12 0.76 0.12
D3-A2-D3 0.028 0.024 499 0.203 10.8 0.33 2.90 0.33
A1-D1-A1 0.013 0.022 506 0.170 6.72 0.37 1.84 0.37
A1-D1-A2 0.021 0.051 510 0.142 5.78 1.67 11.30 1.66
A1-D2-A1 0.009 0.022 570 0.160 6.33 0.41 1.72 0.41
A1-D2-A2 0.007 0.013 520 0.017 0.75 0.16 0.62 0.16
A1-D3-A1 0.001 0.117 499 0.184 7.33 13.70 42.70 13.40
A1-D3-A2 0.003 0.017 492 0.118 4.73 0.29 0.97 0.29
A2-D1-A2 0.047 0.041 435 0.215 9.93 0.55 10.20 0.55
A2-D2-A2 0.029 0.037 463 0.188 9.01 0.73 6.77 0.73
A2-D3-A2 0.011 0.033 448 0.179 10.20 0.88 4.01 0.87

candidates for efficient TADF emitters. Their combination of
desirable photophysical attributes suggests a favorable balance
between radiative efficiency and triplet harvesting, which is key to
achieving high-performance OLED devices.

3.2. Radiative and non-radiative rates

Building on the photophysical characterization, we next eval-
uated the radiative and non-radiative decay rates to assess the
emissive efficiency of the designed TADF emitters. The expres-
sions used for calculating these rates, including kpg, kisc, krisc,
and krapr, are provided in the SI. These rates were derived
using established formalisms, including Marcus theory for
spin-flip transitions, and all computed values are summarized
in Table 1. For the majority of molecules, fluorescence rate
constants (kpg) lie in the range of 10’-10° s, consistent with
efficient radiative decay. The RISC rates (krisc) are typically on
the order of 10*~10° s, while ISC rates (ksc) are generally one
to two orders of magnitude higher, reflecting the favorable
kinetics of singlet-to-triplet downconversion. The overall TADF

rate (krapr), governed by both kpr and kgysc, is primarily limited
by the latter, as RISC remains the rate-determining step in most
TADF processes. A graphical comparison of ISC and RISC rates
is shown in Fig. 2 for visual clarity. Despite the modest RISC rates,
many compounds exhibit appreciable TADF behavior. This can be
attributed to their minimal AEgr values, which enable efficient
thermal upconversion from the triplet to the singlet manifold. As
a result, excitons are effectively recycled into radiative singlet
emission pathways. One notable outlier is D2-A2-D2, which
features a significantly larger AEgy (0.28 eV). The associated
energy mismatch results in a substantial imbalance between its
RISC and ISC rates, thereby suppressing TADF efficiency relative
to other dataset members. This observation underscores the
importance of minimizing AEgy to ensure optimal upconversion
dynamics and high quantum yield in TADF systems.

3.3. Exciton characteristics

Following the rate calculations, we examined the excitonic
characteristics of the first singlet excited state (S;) to better
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Fig. 2 Comparison of intersystem crossing (kisc) and reverse intersystem crossing (krisc) rates for the investigated TADF compounds. The plot highlights
the kinetic asymmetry between downward and upward spin—flip processes and underscores the influence of AEst on RISC efficiency.
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Fig. 3 Density difference plots for the S; to Sg transition of the investigated compounds, rendered with an isovalue of 0.02 a.u. The blue regions
represent areas of electron depletion (donor), while the yellow regions indicate electron accumulation (acceptor), illustrating the direction of

intramolecular charge transfer upon excitation.

understand the nature of the emissive transitions in the
studied molecules. Both qualitative and quantitative analyses
were carried out to capture the spatial behavior of excited-state
charge redistribution. Fig. 3 shows the electron density differ-
ence plots corresponding to the transition from the excited
singlet state (S;) to the ground state (S,). These plots were
generated using the relation 4 = pex — po, where pe, and p, are
the electron densities of the excited and ground states, respec-
tively. In these plots, yellow regions indicate electron depletion
(hole density), and blue regions represent electron accumula-
tion. The spatial separation between these regions reveals the
charge transfer direction, with electrons moving from donor
(blue) to acceptor (yellow) fragments. A striking feature in most
cases is the minimal orbital overlap between donor and accep-
tor units, reflecting the through-space nature of the charge
transfer (CT) process. This spatial decoupling is consistent with
the extremely low singlet-triplet energy gaps observed pre-
viously and further confirms the long-range intramolecular
CT behavior that underpins thermally activated delayed fluores-
cence in these systems.

To complement the visual analysis, we quantitatively assessed
three commonly used charge-transfer descriptors: the amount of
transferred charge (Qcr), the electron-hole centroid distance
(Dcr), and the spatial overlap integral (S.). Recent literature
has extensively employed these parameters to distinguish between
locally excited (LE), shortrange CT, and longrange CT
states.*>*** The charge transfer number ranges between 0 and
1, with values closer to 1 indicating a stronger CT character. The
centroid distance measures the physical separation between the
centers of positive and negative charge densities, with values
above 1.6 A generally indicating long-range CT. In contrast, the
spatial overlap parameter quantifies how much the electron and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Photoluminescence quantum yields (PLQYs) and charge-transfer
descriptors of the studied TADF emitters. Qct denotes the amount of
charge transferred, dct represents the electron—hole centroid distance (in
A), and S, is the spatial overlap integral between electron and hole
densities. PLQY values are reported as percentages

Compound PLQY (%) Qcr D¢y S.

D1-A1-D1 83.61 0.974 4.202 0.304
D1-A1-D2 97.31 0.981 5.399 0.182
D1-A1-D3 99.74 0.957 3.220 0.601
D1-A2-D1 99.98 0.955 3.727 0.333
D1-A2-D2 99.97 0.944 3.692 0.174
D1-A2-D3 99.91 0.949 1.750 0.561
D2-A1-D2 99.85 0.954 2.677 0.655
D2-A1-D3 99.99 0.953 3.215 0.608
D2-A2-D2 100.00 0.790 4.392 0.575
D2-A2-D3 99.95 0.959 3.212 0.501
D3-A1-D3 99.78 0.965 4.259 0.313
D3-A2-D3 99.97 0.963 3.836 0.319
A1-D1-A1 99.94 0.972 4.694 0.221
A1-D1-A2 99.71 0.969 3.744 0.381
A1-D2-A1 99.94 0.977 4.802 0.182
A1-D2-A2 99.79 0.985 6.490 0.246
A1-D3-A1 98.20 0.989 4.951 0.108
A1-D3-A2 99.94 0.984 5.367 0.123
A2-D1-A2 99.94 0.939 3.620 0.379
A2-D2-A2 99.92 0.958 3.967 0.306
A2-D3-A2 99.91 0.973 5.396 0.150

hole densities spatially coincide—larger values (approaching 1)
suggest LE character, while smaller values reflect spatially sepa-
rated CT states. The computed excitonic descriptors for all 21
compounds are presented in Table 2. As seen from the data,
nearly all molecules exhibit high Qcr values (>0.94) and large Dcr
values (>3 A), consistent with long-range charge-transfer beha-
vior. Several compounds, including A1-D3-A1 and A1-D2-A2,
exhibit extreme CT character with Qo > 0.98 and Dgr > 5 A.
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The exciton analysis supports the conclusion that the studied
TADF emitters operate primarily via long-range through-space
charge transfer, with only a few exceptions exhibiting partial LE
character. These insights offer a design rationale for future
emitters by correlating structural motifs with excitonic behavior.

3.4. Space charge-transfer analysis

To gain deeper insight into the underlying charge transfer
mechanism in the studied TADF molecules, we conducted a
fragment-based analysis to determine whether the transfer is
bond-mediated (through chemical bonds) or space-mediated
(via non-bonded spatial interactions). In this framework, the
central carbazole unit was designated as fragment 1, while the
remaining structural units—typically comprising donor and
acceptor moieties—were assigned as fragments 2, 3, and 4.
Charge redistribution during excitation was then analyzed
between various fragment pairs: 1 - 2,1 - 3,1 - 4,2 —
3,and 3 — 4. This analysis complements our earlier qualitative
observations from the electron density difference plots (Fig. 3),
which revealed negligible charge redistribution on the carbazole
bridge. The absence of pronounced positive (yellow) or negative
(blue) density lobes on the carbazole fragment indicates its
limited involvement in excitation. Instead, the primary charge
redistribution occurs between spatially distant donor and
acceptor fragments. This behavior confirms that the excitation
does not proceed via conventional through-bond conjuga-
tion but is dominated by a long-range, through-space charge
transfer mechanism. The quantitative fragment-based charge-
transfer data, along with the computed percentages of charge-
transfer (CT) and locally excited (LE) characters, are summar-
ized in Table 3. Across both D-A-D and A-D-A architectures,
the charge transferred between the carbazole bridge (fragment
1) and the other moieties is consistently negligible. In contrast,
substantial charge movement is observed between fragments

View Article Online
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2 and 3 and between fragments 3 and 4—despite the absence of
direct covalent bonding. This result further reinforces the
notion of a spatial, non-bonded excitation pathway. Finally,
the CT and LE percentage analysis reveals that all systems
exhibit a dominant charge-transfer character with minimal LE
contributions. This finding aligns well with the earlier descrip-
tors (Qcr, Dcr, and Si) and collectively confirms that the
photophysical behavior of these carbazole-bridged systems is
governed by long-range, space-mediated charge transfer rather
than through-bond electronic communication.

3.5. Analytical-simulations

To complement our investigation, we carried out numerical
photoexcitation simulations to analyze excitonic decay dynamics,
estimate exciton lifetimes, and determine the photoluminescence
quantum yields (PLQYs) of the studied TADF emitters. These
simulations model the temporal evolution of exciton populations,
assuming an initial exciton density of 10'” cm ™ entirely localized
in the first singlet excited state (S;). The rate constants computed
earlier—such as fluorescence (kpp), intersystem crossing (kisc),
and reverse intersystem crossing (krisc)—were employed to track
population changes and evaluate the resulting PLQYs. Details of
the simulation protocols and underlying assumptions are pro-
vided in the SI and references to our prior methodological
work.">*”>! Fig. 4 presents the simulated time-dependent beha-
vior of exciton populations. As shown in Fig. 4a, the decay of the
singlet population exhibits a biphasic profile: an initial rapid
component corresponding to prompt fluorescence, followed by a
slower decay associated with delayed fluorescence. This behavior
arises due to the interplay of radiative decay and non-radiative
processes such as ISC and RISC. Fig. 4b captures the evolution of
the triplet state population, which increases initially due to ISC
from the singlet state and subsequently declines as RISC channels
exciton back to the singlet manifold. Notably, the triplet lifetime is

Table 3 Fragment-based charge transfer analysis of the studied molecules. The table reports the amount of charge transferred between specific
fragment pairs (1 — 2,1 — 3, etc.), where fragment 1 corresponds to the central carbazole unit and the remaining fragments represent donor or acceptor
moieties. CT (%) denotes the overall charge-transfer character, while LE (%) indicates the contribution from locally excited states

Compound 12 1-3 14 2 -3 34 CT (%) LE (%)
D1-A1-D1 —0.0073 0.0736 0.0008 0.8863 —0.0034 98.34 1.66
D1-A1-D2 0.0001 0.0122 —0.0035 0.0003 —0.9633 98.45 1.55
D1-A1-D3 —0.0014 0.0949 —0.0109 —0.0109 —0.7165 97.66 2.34
D1-A2-D1 0.0012 0.0961 —0.0221 0.0030 —0.8323 97.09 2.91
D1-A2-D2 0.0001 0.0122 —0.0035 0.0003 —0.9633 98.45 1.55
D1-A2-D3 —0.0058 0.1697 —0.0122 0.2696 —0.5001 97.53 2.47
D2-A1-D2 —0.0016 0.0868 —0.0121 0.1768 —0.6795 97.81 2.19
D2-A1-D3 —0.0131 0.0383 —0.0025 0.7477 —0.1552 97.11 2.89
D2-A2-D2 —0.0145 0.0285 —0.0033 0.7578 —0.1223 97.80 2.20
D2-A2-D3 —0.0175 0.0847 —0.0009 0.7796 —0.0793 97.76 2.24
D3-A1-D3 0.0011 0.1026 —0.0077 0.0063 —0.8439 97.59 2.41
D3-A2-D3 0.0011 0.1026 —0.0077 0.0063 —0.8439 97.59 2.41
A1-D1-A1 0.0212 —0.0496 —0.0003 —0.9001 0.0042 98.44 1.57
A1-D1-A2 0.0247 —0.0440 —0.0003 —0.9013 0.0006 97.88 2.12
A1-D2-A1 0.0060 —0.0497 —0.0002 —0.9168 0.0075 98.43 1.57
A1-D2-A2 0.0143 0.0001 0.0000 —0.9639 0.0005 98.40 1.60
A1-D3-A1 0.0003 —0.0469 —0.0001 —0.8414 0.0959 98.77 1.24
A1-D3-A2 0.0045 —0.0350 —0.0001 —0.9435 0.0007 98.65 1.35
A2-D1-A2 —0.0011 —0.0838 0.1340 —0.0003 0.7198 95.87 4.19
A2-D2-A2 —0.0006 —0.1103 0.0167 —0.0009 0.8358 97.15 2.85
A2-D3-A2 —0.0003 —0.1042 0.0171 —0.0003 0.8595 98.47 1.53
6984 | Mater. Adv, 2025, 6, 6978-6990 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Correlation between exciton lifetimes and photophysical rate constants in TADF systems. (a) The inverse relationship between prompt
fluorescence lifetime and radiative fluorescence rate (kpe) highlights that higher kpr leads to shorter singlet lifetimes. (b) The inverse relationship
between delayed fluorescence lifetime and reverse intersystem crossing rate (kgisc) emphasizes the kinetic control of delayed emission by the RISC

process.

significantly longer than the singlet’s, consistent with the slower
RISC kinetics compared to radiative decay.

All studied molecules exhibit exceptionally high PLQY
values, with most approaching 100%, as summarized in Table 2.
The only exception is D1-A1-D1, showing a slightly reduced PLQY
of 83.6%. These high efficiencies can be attributed to minimized
non-radiative losses, enabled by small singlet-triplet energy gaps
(AEgy), favorable spin-orbit coupling strengths, and balanced ISC/
RISC rates that facilitate efficient exciton recycling between singlet
and triplet states. Further insight into the exciton decay behavior is
provided in Fig. 5. Fig. 5a demonstrates the inverse correlation
between the radiative fluorescence rate (kpr) and prompt fluores-
cence decay time—compounds with higher kpr exhibit shorter
singlet lifetimes. Similarly, Fig. 5b shows that higher RISC rates
(krisc) correspond to faster-delayed fluorescence decay, emphasiz-
ing the role of spin-flip processes in determining delayed emission
kinetics.

In summary, these simulation results confirm the superior
photophysical performance of the investigated TADF emitters.
Nearly unity PLQY, ultralow AEgy values, and favorable exciton

© 2025 The Author(s). Published by the Royal Society of Chemistry

dynamics collectively point toward highly efficient thermally
activated delayed fluorescence. Combined with our earlier
findings—including through-space charge transfer character
and robust radiative/non-radiative kinetics—this study pro-
vides a comprehensive framework for the rational design of
next-generation TADF materials.

3.6. Morphological analysis

To complement the photophysical and excitonic analyses, we
also examined the molecular morphologies of representative
compounds to understand how architectural motifs influence
structural dynamics and potential charge transfer behavior. As
detailed in the Methods section, two key architectures were
selected for comparative molecular dynamics simulations: D-
A-D (D1-A1-D1) and A-D-A (A1-D1-A1). To validate the force
field and ensure the reliability of the MD-generated configura-
tions, we analyzed the dipole moment distribution and density
convergence of the D-A-D system, with results provided in the
SI. As shown in Fig. S2a, the dipole moment distribution from
the MD simulation is broad but predominantly lies within the

Mater. Adv., 2025, 6, 6978-6990 | 6985
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Fig. 6 Root-mean-square deviation (RMSD), donor—acceptor distance, and dihedral angle analyses from MD simulations of A-D-A and D-A-D
molecules. Panels (a) and (b) show the RMSD of the entire molecule relative to its initial configuration for A-D—A and D—A-D, respectively. Panels (c) and
(d) illustrate the time evolution of the distance between the centers of mass of the donor and acceptor units for A—-D—-A and D—A-D, respectively. Panels
(e) and (f) display the distributions of dihedral angles between the carbazole and donor and carbazole and acceptor moieties for A-D—-A and D—-A-D,

respectively.

1-2 Debye range, yielding an average value of 1.43 Debye. This
average closely matches the quantum mechanical ground-state
dipole moment of the D1-A1-D1 molecule (1.33 Debye),
indicating stable maintenance of the dipole moment near its
quantum mechanical reference during the production run.
Furthermore, Fig. S2b demonstrates the successful conver-
gence of the density trajectory. Collectively, these results sup-
port the reliability and robustness of the OPLS force field*>™*
for morphological analysis of the investigated molecules.

Fig. 6 presents a comparative morphological analysis of
the A-D-A and D-A-D systems. Specifically, it displays the
root-mean-square deviation (RMSD) from the initial structure,
donor-acceptor center-of-mass distance variations, and key
dihedral angle distributions. As shown in Fig. 6a, the RMSD
of A1-D1-A1 is 0.88 nm, whereas D1-A1-D1 exhibits a higher
RMSD of 1.71 nm. When normalized by atom count (152 atoms
for A1-D1-A1 vs. 147 atoms for D1-A1-D1), the per-atom
RMSDs are 0.006 nm and 0.012 nm, respectively, although both
values lie within an acceptable range, the lower deviation for

6986 | Mater. Adv, 2025, 6, 6978-6990

A-D-A suggests a slightly more rigid and stable structure—an
important trait for minimizing nonradiative losses in opto-
electronic applications. Fig. 6¢ and 6d compare the temporal
evolution of donor-acceptor distances in the two systems. The
A-D-A structure (A1-D1-A1) maintains a highly stable distance
(0.4 nm) between donor and acceptor centers of mass. Simi-
larly, the D-A-D structure shows a narrow range from 0.452
to 0.453 nm. These nearly invariant distances reinforce the
conformational stability of both systems, with the shorter
center-of-mass distance in A1-D1-A1 suggesting more efficient
through-space charge transfer.

Dihedral angle distributions between the carbazole and
donor/acceptor moieties are shown in Fig. 6e and 6f. The
dihedral angles cluster around 90° for both molecular types,
indicating an orthogonal orientation between the carbazole
and its adjacent groups. This perpendicular arrangement mini-
mizes n-conjugation between donor and acceptor orbitals and
supports a through-space charge transfer mechanism, consis-
tent with earlier electronic structure analyses and the near-zero

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00731c

Open Access Article. Published on 28 August 2025. Downloaded on 12/4/2025 3:14:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
© A-D-A
m D-A-D
40 1
m e ¢
T o0 ©
& . Sl g | @ &
301 X A 2o ©
)%
|
% .
®
20
45 50 55

Fig. 7 Angle distribution between the centers of mass of the carbazole
unit, the side moiety, and the central moiety for A~-D-A and D-A-D
architectures. The plot highlights distinct spatial arrangements, with
A-D-A molecules predominantly occupying the lower-left region (nar-
rower angles) and D—-A-D molecules appearing more frequently in the
upper-left region (wider angles). These distributions reflect structural
differences influencing donor—acceptor separation and charge-transfer
efficiency.

singlet-triplet energy gaps observed. To gain further geometric
insights, we evaluated the angle formed by the centers of mass
of the carbazole moiety, the central core, and the terminal
group. The distribution of these angles is shown in Fig. 7.
Notably, the A-D-A molecules predominantly populate the
lower-left region of the distribution map, reflecting narrower
angles, while D-A-D molecules are more prevalent in the
upper-left region, corresponding to wider angles. These angular
differences align with the donor-acceptor distances discussed
earlier: A-D-A molecules exhibit a more compact geometry,
whereas D-A-D molecules are slightly more extended. This
subtle but consistent distinction between the two architectures
underscores the geometric and electronic advantages of the A-
D-A motif for efficient TADF behavior.

To further evaluate the structural robustness of the studied
molecules, we calculated the bond dissociation energies (BDEs)
of the potentially fragile bonds connecting the carbazole (CZ)
unit to the donor (D1) and acceptor (A1) moieties. For the
D1-A1-D1 architecture, the BDE of the CZ-D1 bond was
6.19 eV, while that of the CZ-A1 bond was 5.34 eV. In contrast,
the A1-D1-A1 compound exhibited a BDE of 4.98 eV for the
CZ-D1 bond and 6.11 eV for the CZ-A1 bond. These values are
notably higher than those reported in our previous study,"?
suggesting that these bonds exhibit sufficient thermodynamic
stability despite being labeled as potentially weak points. This
mechanical resilience is crucial for maintaining high photo-
luminescence efficiency and long-term operational durability
in TADF materials.

The structural arrangement of donor and acceptor frag-
ments plays a decisive role in determining TADF performance.
In the carbazole-embedded architectures studied here, the
donor and acceptor units are spatially separated through the
carbazole bridge rather than connected by flexible single
bonds, as is typical in conventional D-A-D systems. This design
restricts relative rotational motion between fragments, thereby
suppressing non-radiative decay pathways while maintaining
an ultralow singlet-triplet energy gap (approaching 0 eV).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, the non-planar geometry imposed by the carba-
zole unit reduces the likelihood of parallel stacking in the solid
state, mitigating H-type aggregation and associated emission
quenching. The donor-acceptor distances observed in our
optimized structures further support efficient charge-transfer
behavior, with shorter separations enhancing electronic cou-
pling and increasing the probability of exciton-hole recombi-
nation. These combined structural features contribute to
the high predicted PLQYs and robust TADF characteristics
observed across the designed molecules.

Moreover, from a device-performance standpoint, these
structural metrics have important implications. The calculated
BDE values for the bonds connecting the carbazole bridge to
donor or acceptor fragments fall in the 4-6 eV range, substan-
tially higher than those reported for certain conventional
designs (e.g., MR-TADF systems with strained ring linkages)."?
Such high BDEs indicate strong intrinsic chemical stability,
suggesting that the emitters are likely to resist bond cleavage
and degradation during prolonged operation. The RMSD values
further support this robustness, showing minimal deviation
from the initial structures over the simulation timescale. This
conformational rigidity helps suppress non-radiative decay
pathways and maintain high photoluminescence efficiency
under repeated excitation-emission cycles, a prerequisite for
long operational lifetimes in OLED devices. In addition, the
donor-acceptor distances observed in both A-D-A and D-A-D
architectures correlate with potential charge-transfer efficiency.
The shorter donor-acceptor separation in A-D-A molecules
enhances electronic coupling between frontier orbitals, increas-
ing the probability of exciton-hole recombination and, conse-
quently, emission efficiency. By linking these morphological
parameters to stability and charge-transfer behavior, our results
demonstrate that molecular architecture not only dictates
photophysical properties but also offers predictive insight
into the operational durability and performance of TADF-
based OLEDs.

4. Conclusion

The present findings highlight that the interplay between
molecular topology, frontier orbital distribution, and structural
rigidity can be deliberately tuned to address the long-standing
trade-offs in TADF emitter design. By comparing A-D-A and
D-A-D frameworks within a carbazole-bridged through-space
charge-transfer paradigm, this work identifies design princi-
ples that simultaneously favor small singlet-triplet gaps, effi-
cient triplet harvesting, and mechanical robustness—attributes
that are rarely achieved together.

Beyond the specific molecules studied here, the combined
use of photophysical modelling, exciton dynamics, and mor-
phological stability analysis offers a transferable computational
protocol for screening next-generation TADF emitters before
synthesis. The demonstrated link between donor-acceptor
separation, conformational rigidity, and predicted device-level
stability provides a foundation for tailoring materials not only
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for OLED efficiency but also for operational durability. More
broadly, this work reinforces the value of integrating quantum
chemical descriptors with dynamic structural analyses to move
from “property matching” toward predictive, mechanism-driven
emitter design. Such strategies can accelerate the discovery of
stable, high-performance organic emitters across diverse device
platforms, from displays to solid-state lighting.
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