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ABSTRACT: Thermally activated delayed fluorescence (TADF) compounds play a pivotal role in enhancing the efficiency of
organic light-emitting diodes (OLEDs) by enabling effective triplet exciton utilization, often facilitated by vibrational assistance.
While multiresonant TADF systems benefit from rigid planar structures that suppress nonradiative decay, traditional donor—
acceptor—donor (D—A—D) systems are more prone to nonradiative losses with their flexible single-bond connections. This study
investigates three structurally similar D—A—D TADF compounds with distinct external quantum efficiencies to uncover the factors
influencing their performance. Our analysis identifies specific vibrational modes that either enhance radiative transitions or
contribute to nonradiative decay, emphasizing the critical role of vibrational dynamics. Using Huang—Rhys factor and exciton—
phonon coupling, we demonstrate how these vibrational modes govern exciton dynamics. The Herzberg—Teller effect emerges as a
key mechanism driving thermally activated performance, with vibrational corrections significantly improving the accuracy of rate
predictions. The computed radiative and nonradiative rates show satisfactory agreement with experimental data, validating the
robustness of our computational protocol. These findings provide actionable insights into the molecular design of TADF emitters,
offering strategies to optimize OLED performance by balancing the interplay between vibrational dynamics and electronic
transitions.

KEYWORDS: thermally activated delayed fluorescence, exciton, Huang—Rhys factor, exciton—phonon coupling, Herzberg—Teller effect

1. INTRODUCTION enhance device lifetimes by facilitating reverse intersystem
Thermally activated delayed fluorescence (TADF) emitters crossing (RISC), a thermally assisted transition of excitons
have garnered significant attention in organic light-emitting from the T, to the singlet (S,) state.

diodes (OLEDs) due to their ability to utilize triplet excitons The efficiency of RISC depends on several molecular
efficiently.' ™ Traditional emitters, such as fluorescent and parameters: (1) a small singlet—triplet energy gap (AEgy < 0.2
phosphorescent materials, exhibit inherent limitations. Fluo- eV), (2) strong spin—orbit coupling (SOC), (3) high oscillator
rescent materials achieve an internal quantum efficiency (IQE) strength (f), and (4) minimal reorganization energy associated
of only 25%, while phosphorescent materials, though capable with transitions between interacting states.'”'' Molecular

of harvesting triplet excitons, face challenges such as shorter
device lifetimes due to prolonged exciton residence in the
triplet (T,) state. Additionally, phosphorescent materials often
rely on heavy metal atoms (e.g, Ir, Pt, or Au), significantly
increasing production costs. TADF materials address these
limitations by enabling efficient triplet exciton utilization
without heavy metals, achieving nearly 100% IQE and
photoluminescence quantum yield (PLQY)—critical for
high-performance OLEDs.””” Moreover, TADF emitters

design is pivotal in optimizing these parameters. TADF
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2,3-TX0-PhCz

2,6-TXO-PhCz

2,7-TX0-PhCz

Figure 1. Chemical structures of the investigated D—A—D type TADF compounds in this work. The experimental details can be found in ref 38.

molecules typically feature spatially separated highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), which minimizes AEgr and facilitates
efficient RISC. However, this spatial separation reduces f,
creating a trade-off between AEgr and f. Consequently, fine-
tuning these properties through structural design is essential
for achieving optimal performance.'”™*’

TADF emitters are broadly categorized into multiresonant
(MR) and donor—acceptor (D—A—D or A—D—A) systems
based on their molecular frameworks, significantly influencing
their photophysical properties.”’ > MR-TADF systems,
characterized by rigid and planar structures, minimize
vibrational flexibility and suppress nonradiative decay.”*”*’
These systems typically incorporate fused aromatic rings with
boron atoms as electron acceptors and heteroatoms (e.g.,
nitrogen, oxygen, sulfur) as donors. In contrast, D—A—D
systems featuring donor and acceptor fragments connected by
single bonds exhibit significant rotational motion. This
flexibility increases the likelihood of nonradiative decay
pathways by bringing conical intersection points (Cls) closer
to the emitting S, state.”®*’ Consequently, D—A—D (or A—
D—A) systems are more susceptible to conformational
variations and nonradiative transitions, negatively impacting
external quantum efficiency (EQE).*

Vibrational modes and molecular level insights’' play a
critical role in dictating radiative and nonradiative processes,
with exciton-vibronic coupling or Herzberg—Teller (HT)
coupling and Huang—Rhys (HR) factors being key determi-
nants.’”*> While MR-TADF systems benefit from structural
rigidity that suppresses nonradiative decay, D—A—D systems
require a comprehensive understanding of the interplay
between structural dynamics and exciton-vibration coupling
to optimize efficiency. Experimental techniques such as
ultrafast and Raman vibrational spectroscopy have advanced
our understanding of vibrational contributions to electronic
transitions.”**® However, challenges remain in identifying
vibrational modes that selectively promote radiative transitions
or suppress nonradiative decay. Previous studies on Cu-based
TADF complexes’ and inverted AEgp systems” have
highlighted the importance of exciton-vibration coupling in
facilitating or hindering transitions. Recent efforts to decouple
excitons from high-frequency vibrational modes have provided
valuable insights but have yet to fully address the contributions
of specific vibrational modes to processes like internal
conversion (IC), intersystem crossing (ISC), and RISC.>*7

This study investigates three D—A—D systems—2,3-TXP-
PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz—to elucidate the
impact of structural modifications on radiative and non-
radiative pathways, focusing on vibrational mode analysis.
Unlike earlier efforts, which primarily emphasized high-

frequency vibrational modes or singular processes
(RISC),*** our work provides a holistic evaluation of all
relevant transitions, including internal conversion, ISC, and
RISC. By systematically analyzing conical intersection points
and minimum energy crossing points (MECPs), we construct a
detailed energy landscape that captures the interplay between
Franck—Condon (FC) and adiabatic transitions across singlet
and triplet states. Additionally, we extend the analysis to
include low-frequency modes, which, despite their lower HR
factors, play a significant role in modulating nonradiative
processes due to their lower energy requirements. Our
approach uniquely integrates Huang—Rhys factors, reorganiza-
tion energies, and vibronic coupling calculations to quantify
mode-specific contributions, distinguishing vibrational modes
that enhance radiative rates from those that facilitate
nonradiative decay. This comprehensive perspective validates
computational predictions against experimental data and offers
precise design principles for optimizing TADF emitters by
balancing vibrational contributions to multiple processes. By
addressing these gaps, our study provides actionable insights
for the rational design of high-performance TADF emitters,
setting it apart from prior investigations.

2. METHODS

In this study, we investigated three donor—acceptor—donor (D—A—
D) type molecules—2,3-TXO-PhCz, 2,6-TXO-PhCz, and 2,7-TXO-
PhCz—as illustrated in Figure 1. These molecules share identical
molecular fragments, with the TXO fragment as the acceptor and the
PhCz moiety as the donor. However, their primary distinction lies in
the relative positions of the donor substituents on the TXO acceptor
core.

The three investigated D—A—D emitters—2,3-TXP-PhCz, 2,6-
TXP-PhCz, and 2,7-TXP-PhCz—were chosen due to their structural
similarity yet markedly different photophysical behaviors. This
contrast allows for a focused investigation of how subtle changes in
molecular topology influence exciton dynamics and emission
efficiency. Each molecule features a carbazole donor and a TXO
acceptor, both of which are widely employed in high-performance
OLED materials.’®*** The well-documented relevance of these
moieties in various molecular frameworks supports the generalizability
of our findings. Thus, while the study focuses on a specific set of
molecules, the conclusions drawn—particularly regarding the role of
vibrational modes in modulating radiative and nonradiative
processes—are expected to hold for a broader class of donor—
acceptor systems.

While the experimental study‘}’8 reported four TXO-based isomers,
our computational investigation focused on three of them—2,3-TXP-
PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz. The 3,6-isomer, despite
exhibiting promising photophysical behavior and PLQY comparable
to the efficient emitters in this series, was not included in our
simulations due to the high computational cost associated with the
complete vibrational-mode-resolved analysis. Our methodology
requires geometry optimization and nonradiative decay rate
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Table 1. Electronic Properties of the Investigated D—A—D Molecules, Computed Using the PBEQ/def2-TZVP Method”

molecule S, S,
2,3-TXP-PhCz 2.08/2.66 2.16/2.90
2,6-TXP-PhCz 2.28/2.85 2.37/2.96
2,7-TXP-PhCz 2.24/2.83 2.38/2.88

T, T, 4 Aexp.
1.85/2.46 2.27/2.80 597.42 574
2.02/2.61 2.39/2.70 543.28 550
2.05/2.66 2.05/2.72 554.61 550

“The table includes adiabatic (AD) and Franck-Condon (FC) transition energies for singlet (S,, S,) and triplet (T}, T,) states (in eV), as well as
calculated (1) and experimental (AEpr) emission wavelengths (in nm). Transition energies are reported in the format AD/FC for clarity.

calculations for all 249 vibrational modes of each molecule, making
the inclusion of an additional isomer significantly more demanding.
To maintain both depth and feasibility, we selected a representative
set that spans a range of emission efficiencies, allowing for a
meaningful comparison of structure—property relationships.

In this study, we chose donor—acceptor—donor type molecules due
to their inherent structural flexibility, allowing for rich vibrational
dynamics. Unlike rigid multiresonance TADF systems, D—A—D
architectures feature flexible single bonds between donor and acceptor
units, enabling various conformational motions. This flexibility makes
them particularly susceptible to nonradiative decay pathways such as
internal conversion and intersystem crossing, thereby providing an
ideal platform to investigate how specific vibrational modes influence
photophysical processes.

The experimental synthesis and characterization of these
compounds have been reported previously.>® Despite their structural
similarities, these molecules exhibit significant differences in key
photophysical and device performance parameters, including photo-
luminescence quantum vyield, exciton utilization efficiency, and
external quantum efficiency (see Table S1). These differences
highlight the critical influence of donor substitution patterns on the
optoelectronic properties of D—A—D systems. This observation raises
an important question: What molecular-level factors drive these
variations in performance? To address this, we performed a detailed
computational investigation focusing on the interplay between
molecular structure, vibrational dynamics, and electronic transitions.
By examining these aspects, we aim to uncover the underlying
mechanisms that govern the optoelectronic behavior of these
structurally related yet functionally distinct TADF systems.

All ground-state and excited-state geometry optimizations were
conducted using the Gaussian09 software,”’ with GaussvView
employed for structure visualization. Density Functional Theory
(DFT) calculations utilized the PBEO functional** in conjunction with
the def2-TZVP basis set.””*> The ground-state geometries were first
optimized, followed by frequency calculations at the same level of
theory to confirm the absence of imaginary frequencies, thereby
ensuring that the geometries correspond to true minima on the
potential energy surface. These optimized ground-state geometries
were used for single-point excited-state energy calculations,
representing the vertical Franck—Condon energy states. Excited-
state calculations were performed for the first singlet (S,) and triplet
(T,) states, as well as the higher singlet (S,) and triplet (T,) states.
Both vertical and adiabatic transition energies were computed to
provide a comprehensive understanding of the electronic transitions.
Crossing-point calculations were carried out using the ORCA
program® to investigate nonadiabatic effects and their role in
determining nonradiative decay pathways. Specifically, the conical
intersection between the ground state (S,) and the first excited singlet
state (S;) was analyzed. Minimum energy crossing point calculations
were performed to identify intersections between excited singlet (S,)
and triplet (T,) states. Finally, Hessian calculations for the ground-
state and excited-state geometries (Sy, S;, T;) were performed,
employing the same functional and basis set described above.

The parameters essential for understanding radiative and non-
radiative processes, such as the Huang—Rhys factor and reorganiza-
tion energy, were derived from frequency checkpoint files. The
following equations describe the relationships governing the HR
factor, vibrational coupling, and reorganization energies for each
vibrational mode.

2
‘/ev(i)(k)
hw,

Si(k) = |
(1)

Here, S;(k) represents the HR factor for a specific mode k, and wy is
the frequency of the kth vibrational mode. These HR factors quantify
the vibrational coupling for each mode. The vibrational reorganization
energy, A, which measures the mode-specific contributions to
electronic transitions, is related to the HR factors by

2= Y hos (k)
2t 2)

To calculate the exciton-vibration coupling for the excited electronic
state i along each vibrational mode k, the following expression was
used:

+ou _ p—ou

; E ..
Vgok) = ==
26u, (3)

Here 6u; is a small dimensionless displacement along the kth
vibrational mode, and E;f{:ﬁ and E;fz?)k are the excitation energies
calculated for displacements + Su; and — duy, respectively, under the
harmonic approximation. Using these parameters, the nonradiative
rate (k,,) was computed through the following rate equation.*

" c*\2r AE| | AE .
= ————exp|——1In| ——| —
nhoAE | ho| |24 @

Here C is the effective electronic coupling matrix element, 7 is the
reduced Planck constant, @ is the vibrational frequency of the
accepting mode, AE is the energy gap between the initial and final
states, and ); 4; represents the total reorganization energy summed
over all contributing vibrational modes. This methodology enabled
the computation of mode-specific nonradiative rates while assessing
the overall influence of vibrational modes on radiative and
nonradiative processes.

To evaluate the overall impact of vibrations on rate constants,
calculations were performed using ORCA, yielding rate constants
along with the contributions of Franck—Condon and Herzberg—
Teller terms as percentages. The significant contribution of HT terms
underscores the importance of incorporating vibrational corrections in
rate calculations (vide infra). Hessian files, crucial for these
computations, were employed to determine fluorescence rates
between the S, state and the ground state (S,), as well as intersystem
crossing rates. A sample input file for these calculations is provided in
the Supporting Information (SI). For reverse intersystem crossing, the
Marcus equation*”** was utilized. While the widely used Marcus
equation provides a standard framework for rate predictions, our
analysis revealed its limitations when applied to uncorrected spin—
orbit coupling values. Reliable rate predictions were achieved by
incorporating thermal correction factors, which account for vibra-
tional contributions. Thus, the total SOC for the ath component
(SOC,) was calculated using®

SOC, = /(SOC,)* + o ()

where 62 accounts for the temperature-dependent vibrational
correction to the ath SOC component and is defined as
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Figure 2. Energy landscapes (Jablonski diagram) of molecules 2,3-TXP-PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz, highlighting Franck—Condon
energies (blue), adiabatic energies (green), conical intersection points (red), and minimum energy crossing points (cyan). Panels (a), (b), and (c)
correspond to molecules 2,3-TXP-PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz, respectively, illustrating the key energy transitions and barriers

relevant to singlet and triplet state dynamics.

3N=6 2
dSOC how,
R e Y
~ 4w 0Q, 2k T (6)

The summation extends over all 3N—6 vibrational normal modes. w;
is the frequency of the ith mode, Q; denotes the displacement along
the ith mode, T is the absolute temperature, 7 is the reduced Planck
constant, and kg is the Boltzmann constant.

3. RESULTS AND DISCUSSION

3.1. Energy Landscapes and Excited-State Dynamics.
The excitation energies of various electronic states and the
corresponding emission wavelengths for the investigated
molecules are summarized in Table 1. This table includes
both adiabatic (AD) and Franck—Condon transition energies
for the singlet (S, S,) and triplet (T,, T,) states, calculated

using the PBE0/def2-TZVP method. Additionally, the
calculated emission wavelengths (1) are compared with
experimental values (AEXP,), providing a comprehensive
evaluation of the computational approach. The data reveals
excellent agreement between the calculated and experimental
emission wavelengths, with 4 to 23 nm deviations. Among the
three molecules, 2,3-TXP-PhCz exhibits the largest deviation
(23 nm), while 2,7-TXP-PhCz shows the smallest deviation
(~4 nm). These results validate the accuracy of the theoretical
methods employed in this study for predicting optoelectronic
properties. Additional experimental quantities and detailed
comparisons are provided in Tables S1 and S2.

Significant differences are observed between the Franck—
Condon and adiabatic energies for the investigated states,
reflecting the structural relaxation following photoexcitation.
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Figure 3. Exciton—phonon coupling strengths across low- and high-frequency vibrational modes for IC, ISC, and RISC transitions in 2,3-TXP-
PhCz [left], 2,6-TXP-PhCz [middle], and 2,7-TXP-PhCz [right] molecules. Panels (a), (d), and (g) represent IC transitions; panels (b), (e), and
(h) depict ISC transitions, and panels (c), (f), and (i) illustrate RISC transitions.

For instance, the energy difference for the S, state of molecule
2,3-TXP-PhCz is 0.58 eV, while for molecules 2,6-TXP-PhCz
and 2,7-TXP-PhCz, these differences are 0.57 and 0.59 eV,
respectively. The first adiabatic singlet excited state (S;) is
located at 2.08 eV for 2,3-TXP-PhCz, 2.28 eV for 2,6-TXP-
PhCz, and 224 eV for 2,7-TXP-PhCz, indicating subtle
variations in electronic structures across the molecules. Only
the first two excited singlets (S, and S,) and triplets (T, and
T,) are considered in this analysis, as higher-lying states
contribute negligibly due to their increased energy gaps and
reduced oscillator strengths, which render emissions from such
states improbable.

To provide a comprehensive overview, the energy land-
scapes of the molecules are visualized in Figure 2, which
incorporates critical conical intersection and minimum energy
crossing point states. The Jablonski diagram divides the singlet
and triplet manifolds, highlighting key energy transitions.
Panels (a), (b), and (c) correspond to molecules 2,3-TXP-
PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz, respectively. As
shown in Figure 2, all adiabatic energies (green) lie below their
corresponding FC energies (blue), consistent with Kasha’s
rule,”” which predicts that vibrational relaxation occurs at the
lowest vibrational state of the S, excited state following
absorption. The energy gaps between the CI point and the S,
state for 2,3-TXP-PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz
are 0.72, 0.50, and 0.55 eV, respectively. These significant gaps
suggest minimal interference of the CI with the lowest S, state,
reducing the likelihood of nonradiative decay. This aligns with
experimental observations, where nonradiative rates from the
S, state range from 10* s™' to 10° s™'. Higher-energy state

crossings with the ground state (S,) are excluded, as they occur
at significantly higher energy levels than the S,—S, crossing.

The MECP crossings between S, and T states, marked in
cyan in Figure 2, play a crucial role in intersystem and reverse
intersystem crossing. For ISC, the activation barriers for 2,3-
TXP-PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz are 0.07, 0.15,
and 0.07 eV, respectively. The corresponding activation
barriers for RISC are 0.30, 0.41, and 0.26 eV. Notably,
molecule 2,6-TXP-PhCz exhibits the highest ISC barrier (0.15
eV), which is advantageous as it limits the transition of
excitons from S, to T, thereby retaining more excitons in the
S, state. Conversely, 2,7-TXP-PhCz is the most favorable for
RISC due to its lower activation energy (0.26 eV), facilitating
the harvesting of excitons from the T, state. While activation
energies provide valuable insights into ISC and RISC
processes, it is essential to acknowledge that reorganization
energies and electronic couplings also influence these
transitions. These factors warrant further investigation to
fully understand the dynamics of exciton transitions in these
systems.

In addition, although the absolute dipole moments of the
molecules in their ground and excited states do not directly
correlate with their photoluminescence quantum vyields, a
noteworthy trend is observed in the change of dipole moment
upon excitation. Among the three molecules, 2,3-TXP-PhCz
shows the largest dipole moment change, followed by 2,6-
TXP-PhCz and 2,7-TXP-PhCz, mirroring an inverse trend in
their PLQYs. This suggests that a larger dipole moment change
may be indicative of increased electronic reorganization and
potentially enhanced nonradiative decay pathways such as
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internal conversion. Thus, while the static dipole moment
alone may not dictate emission efliciency, the extent of dipole
variation between electronic states can serve as a qualitative
descriptor for exciton stability and emission performance. The
corresponding dipole moment values have been compiled in
Table S4.

3.2. Huang—Rhys Factor and Exciton—Phonon Cou-
pling. The Huang—Rhys factors and vibronic couplings for
each vibrational mode of the molecules under investigation
were calculated using eqs 1 and 3. The total number of
vibrational modes for nonlinear molecules is 3N-6, where N
denotes the number of atoms in the molecule. In this study, all
molecules consist of 85 atoms, resulting in 255 total modes, of
which 249 correspond to vibrational modes. A frequency
analysis reveals an absence of vibrational modes in the range of
1800 to 2800 cm™" for these molecules. The vibrational modes
were categorized into low- and high-frequency regions to
facilitate the analysis. The low-frequency modes, spanning
from mode 1 to mode 220, lie within the range of up to 1700
cm™!, while the high-frequency modes, encompassing modes
221 to 249, are located between approximately 3000 and 3250
cm™". Figures S1 and S2 provide a detailed HR factor analysis
for these modes.

The HR factor analysis highlights distinct trends. As shown
in Figure S1, low-frequency modes exhibit significantly higher
HR factors, indicating substantial molecular displacement and
structural reorganization. In contrast, Figure S2 demonstrates
that high-frequency modes have two to 3 orders of magnitude
lower HR factors, suggesting minimal displacement and
structural changes for these modes. This disparity underscores
the dominant role of low-frequency modes in inducing large-
scale molecular reorganization.36 However, a deeper examina-
tion reveals that modes with HR factors exceeding 1 are
typically delocalized in nature. Consequently, these modes are
less effective at coupling with electronic transitions and have a
limited contribution to nonradiative decay rates.>® In contrast,
despite their lower HR factors, high-frequency modes exhibit
stronger exciton-vibration couplings. These couplings are more
significant in driving nonradiative processes, making high-
frequency modes critical to understanding and optimizing
molecular photophysics.

The vibrational exciton—phonon coupling across different
transitions is summarized in Figure 3, which comprehensively
compares low- and high-frequency modes. Each panel in the
figure corresponds to a specific molecule and transition type:
panels (a), (d), and (g) represent the IC transitions for 2,3-
TXP-PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz molecules,
respectively; panels (b), (e), and (h) depict the ISC
transitions; and panels (c), (f), and (i) highlight the RISC
transitions. The data reveal intriguing patterns in the coupling
strengths. Low-frequency modes (below 1700 cm™") dominate
the IC transitions, exhibiting significantly stronger exciton—
phonon couplings than ISC and RISC processes. This is
particularly evident in the 2,3-TXP-PhCz molecule (panel a),
where a high density of strongly coupled modes suggests
extensive molecular reorganization during the IC process.
Conversely, for ISC and RISC transitions, high-frequency
modes play a significant role in exciton—phonon coupling, as
evidenced in panels (e, f) and (h), (i), where pronounced
coupling is observed for the 2,6-TXP-PhCz and 2,7-TXP-PhCz
molecules in these regions. Interestingly, the middle-frequency
modes (~1700 cm™') emerge as pivotal contributors to
coupling strength across all transitions, except for panel (h),

where the high-frequency modes dominate the ISC process for
the 2,7-TXP-PhCz molecule. Overall vibrational modes below
500 cm™ typically correspond to low-frequency bending
motions, often involving out-of-plane deformations and
collective skeletal displacements of the molecular framework.
These modes are energetically less demanding and play an
important role in structural reorganization. Modes in the 500—
1000 cm™ range exhibit mixed character, combining in-plane
and out-of-plane displacements, particularly hydrogen and
heavier atoms such as carbon and oxygen within the
conjugated rings. Notably, the modes in the 1200—1700
cm™! range predominantly involve C=C stretching vibrations
and associated in-plane motions. These modes exhibit the
strongest exciton—phonon coupling and are consistently found
to contribute significantly to nonradiative electronic tran-
sitions, including internal conversion, intersystem, and reverse
intersystem crossing.

To elucidate their roles, we have identified the key
vibrational modes that dominate each relaxation process for
the three molecules studied. In IC, the most strongly coupled
modes are the 219th, 218th, and 218th for molecules 2,3-TXP-
PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz, respectively, all
located near 1678 cm™!. For ISC, the dominant contributions
arise from the 211th mode (approximately 1640 cm™") in both
2,3-TXP-PhCz and 2,6-TXP-PhCz, while for 2,7-TXP-PhCz,
the 237th mode around 3200 cm™'—likely associated with N—
H stretching—plays a significant role. In the case of RISC, the
212th, 217th, and 197th modes are most critical for 2,3-TXP-
PhCz, 2,6-TXP-PhCz, and 2,7-TXP-PhCz, respectively, with
corresponding frequencies of approximately 1640, 1660, and
1514 cm™". These results underscore the importance of specific
vibrations in mediating exciton—phonon interactions and their
varying influence depending on the nature of the transition.

The observed preference for low-frequency modes in
internal conversion and high-frequency modes in intersystem
crossing and reverse ISC reflects the fundamental differences in
their mechanisms. IC involves nonradiative relaxation between
states of the same spin multiplicity (e.g, S; — S,), where low-
frequency modes (typically below S00 cm™) such as torsional
and out-of-plane bending motions dominate due to their
strong vibronic coupling and ability to facilitate structural
reorganization and energy dissipation. These modes enhance
the Franck—Condon overlap and are well-suited for bridging
small energy gaps. In contrast, ISC and RISC are spin-
forbidden transitions between states of different spin multi-
plicities, which require spin—orbit coupling. Here, high-
frequency modes become important as they modulate
electronic distributions and orbital character via Herzberg—
Teller coupling, enhancing SOC and enabling efficient spin-flip
processes. This behavior is consistent with El-Sayed’s rule”'
and has been reported in several z-conjugated systems, e.g.,
nonfullerene acceptors.52 Among the three molecules, the 2,3-
TXP-PhCz molecule exhibits the highest number of strongly
coupled vibrational modes for IC transitions, as highlighted by
the dense cluster of red points with green lines in panel (a).
This strong coupling facilitates nonradiative decay, reducing
photoluminescence quantum yield by promoting energy loss
from the S; state. In contrast, the 2,6-TXP-PhCz molecule
displays minimal coupling in high-frequency modes for IC
transitions (panel d), indicating a reduced contribution to
nonradiative rates and improved PLQY.

For ISC transitions, the coupling trends shift dramatically.
The 2,6-TXP-PhCz molecule (panel e) exhibits the strongest
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Figure 4. Vibrational mode contributions to nonradiative rates for (a, d, g) internal conversion (IC), (b, e, h) intersystem crossing (ISC), and (c, f,
i) reverse intersystem crossing (RISC) transitions in molecules 2,3-TXP-PhCz [left], 2,6-TXP-PhCz [middle], and 2,7-TXP-PhCz [right],
respectively. The red dots indicate the mode with the highest contribution for each process in these molecules.

exciton—phonon couplings, followed by comparable values for
the 2,3-TXP-PhCz (panel b) and 2,7-TXP-PhCz (panel h)
molecules. This suggests that the vibrational modes in the 2,6-
TXP-PhCz molecule are more effective at supporting the ISC
process, potentially facilitating efficient intersystem crossing.
Similarly, the RISC process is most strongly coupled in the 2,6-
TXP-PhCz molecule (panel f), with moderate couplings in the
2,3-TXP-PhCz and 2,7-TXP-PhCz molecules (panels ¢ and i).
These trends underline the 2,6-TXP-PhCz molecule’s ability to
leverage vibrational modes for efficient reverse intersystem
crossing, contributing to higher exciton utilization. The balance
of exciton—phonon coupling across transitions is critical for
overall efficiency. While the 2,3-TXP-PhCz molecule suffers
from strong IC coupling that undermines PLQY, the 2,6-TXP-
PhCz molecule excels in ISC and RISC processes, achieving
superior exciton utilization. The 2,7-TXP-PhCz molecule
strikes a middle ground, with moderate coupling across
transitions and reduced IC coupling, resulting in improved
efficiency compared to the 2,3-TXP-PhCz molecule. These
findings highlight the subtle interplay between vibrational
modes and electronic transitions, offering insights into
designing emitters with optimized photophysical properties.
3.3. Nonradiative Rates. We examined electron—phonon
coupling and its influence on specific transitions in the
preceding discussion. However, these couplings alone do not
fully dictate transition rates. Additional factors, such as
vibrational frequencies, energy gaps between electronic states,
and reorganization energies, collectively shape the dynamics of
these processes. To capture these effects comprehensively, we
calculated the nonradiative rates using eq 4, which integrates

all relevant contributions under the assumption of weak
coupling. These rates, which directly correlate with the
molecule’s photophysical properties, such as PLQY and
EQE, are illustrated in Figure 4.

The results highlight that high-frequency vibrational modes
predominantly contribute to nonradiative rates for intersystem
crossing, reverse intersystem crossing, and internal conversion
transitions. Analyzing each transition in detail, we observe that
for IC (Figure 4a—d—g), the 2,3-TXP-PhCz molecule shows
the most substantial contributions, with some vibrational
modes exceeding 10* s71, whereas 2,6-TXP-PhCz and 2,7-
TXP-PhCz show moderate contributions, with 2,7-TXP-PhCz
slightly surpassing 2,6-TXP-PhCz. For the ISC process, as
shown in Figure 4b—e—h, the contribution of vibrational
modes to ISC is the highest for 2,3-TXP-PhCz molecule. Some
modes even exhibit contributions exceeding 10'® s/, indicating
strong support for the ISC transition in the case of 2,3-TXP-
PhCz. For the 2,6-TXP-PhCz molecule, a more significant
number of modes contribute within the range of 10° to 10"*s™!
compared to the 2,7-TXP-PhCz molecule, suggesting that 2,6-
TXP-PhCz has a higher overall contribution to ISC compared
to 2,7-TXP-PhCz. In the case of RISC (Figure 4c—f—i), 2,3-
TXP-PhCz exhibits the weakest contributions, while 2,6-TXP-
PhCz shows the strongest, particularly with the 218th
vibrational mode at 1678 cm™' dominating the rates. The
2,7-TXP-PhCz molecule demonstrates contributions greater
than 2,3-TXP-PhCz but fewer than 2,6-TXP-PhCz.

These findings align with experimental observations (Table
S1). For IC and ISC transitions, which benefit from the
absence of promoting vibrational modes to enhance exciton
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utilization efficiency, 2,3-TXP-PhCz exhibits the highest
vibrational contributions, correlating with its lowest PLQY
(62%) and EQE (12%). On the other hand, 2,6-TXP-PhCz
and 2,7-TXP-PhCz exhibit comparable IC contributions, but
2,6-TXP-PhCz shows stronger ISC and RISC support. Despite
weaker RISC contributions, 2,7-TXP-PhCz achieves the
highest PLQY due to its reduced ISC and higher oscillator
strength (Table S2) for the emissive transition. Consequently,
2,7-TXP-PhCz emerges as the most efficient molecule,
followed by 2,6-TXP-PhCz, and finally 2,3-TXP-PhCz, with
PLQY of 89, 83.8, and 62.1%, respectively. This comprehen-
sive analysis underscores the intricate interplay of vibrational
modes and nonradiative transitions in determining the
photophysical performance of these molecules.

We emphasize the interplay between radiative and non-
radiative processes to provide a holistic picture of the factors
governing photoluminescence quantum yield. Vibrational
modes play a dual role: while they can enhance undesirable
nonradiative pathways such as internal conversion and
intersystem crossing, they can also facilitate reverse intersystem
crossing, which positively contributes to delayed fluorescence.
Among the studied compounds, 2,3-TXP-PhCz exhibits strong
vibrational support for both IC and ISC, resulting in the lowest
PLQY. In contrast, 2,6-TXP-PhCz and 2,7-TXP-PhCz display
reduced support for these loss pathways. However, 2,6-TXP-
PhCz suffers from a higher ISC rate due to larger spin—orbit
coupling, leading to increased triplet loss. This makes 2,7-TXP-
PhCz the most efficient emitter, achieving the highest PLQY
due to minimized nonradiative losses and a favorable balance
of radiative and RISC processes. This analysis underscores the
importance of vibrational mode engineering in optimizing
exciton dynamics for high-efficiency TADF emitters.

3.4. Exciton Characteristics. In earlier discussions, we
examined the influence of individual vibrational modes on
exciton—phonon coupling and their contributions to non-
radiative decay rates. It is important to note that the calculated
internal conversion rates correspond to specific vibrational
contributions rather than the total IC rates, as not all
vibrational modes contribute equally or simultaneously to
these transitions. Consequently, the actual IC rates are lower
than the cumulative contributions from all modes. Therefore,
analyzing the coupling or decoupling behavior of specific
vibrational modes is critical, as these interactions significantly
impact molecular performance. The nature of the participating
orbitals primarily determines the coupling or decoupling of
vibrational modes from electronic transitions. Effective
decoupling requires both the HOMO and LUMO to be
spatially and energetically separated from vibrational motion.
To investigate these interactions, we analyzed the S; to S
transition, focusing on the HOMO, LUMO, and their
alignment with the molecular vibrational plane. As shown in
Table 2, nearly 100% of the S; to S, transition occurs via the
HOMO-to-LUMO pathway across all molecules. The HOMO
exhibits a nonbonding character associated with oxygen atom
lone pairs, oriented outside the molecular vibrational plane,
facilitating decoupling from vibrational motion.”® In contrast,
the LUMO displays an antibonding 7 planar character, making
it more challenging to decouple from vibrations. This shared
orbital characteristic across all molecules explains their low
nonradiative IC rates, consistent with experimental observa-
tions in the range of 10*—~10° s™'. Most vibrational modes are
effectively decoupled from the HOMO but may still couple
with the LUMO, aligning with the observed trends.

Table 2. Exciton Characteristics of the Studied Molecules,
Including the Percentage Contribution of HOMO-to-
LUMO Transitions, the Type of Electronic Transition, and
the Ratio of the Vibrational Reorganization Energy (¢b)”

molecule HOMO to LUMO (%) type 17
2,3-TXP-PhCz 97.2 n — ¥ 0.0158
2,6-TXP-PhCz 97.3 n — ¥ 0.0042
2,7-TXP-PhCz 98.6 n — n* 0.0057

“¢ represents the ratio of reorganization energies contributed by high-
frequency modes (221-249) to low-frequency modes (1—220).

To further obtain a mode-resolved picture, we computed the
ratio of the vibrational reorganization energy (¢) associated
with all high-frequency normal modes (above 2000 cm™) to
the low-frequency modes (100—1700 cm™') for a particular
electronic transition. The ratio of reor%anization energy was

. . )
computed using the following equation.

3300 cm™"
b= k=2000 cm ™" hwksi(k)

1700 cm*‘_‘ fao,S,(k) )

k=100 cm

As evident from Table 2, among the molecules, 2,3-TXP-PhCz
exhibits the highest reorganization energy ratio, indicating a
more significant contribution of high-frequency modes to its
electronic transitions compared to 2,6-TXP-PhCz and 2,7-
TXP-PhCz. This stronger exciton—phonon coupling for 2,3-
TXP-PhCz aligns with its lower photoluminescence quantum
yield obtained from the experiment, as shown in Table S1.

To understand how vibrational modes influence electronic
transitions, we analyzed the exciton wave function (p) and its
change (Ap) due to displacements along specific vibrational
modes. This analysis focused on the vibrational mode that
contributes most significantly to internal conversion, primarily
associated with the C—H vibrations of the benzene rings. The
displacement directions of these modes are depicted in the first
row of Figure S, while the second and third rows represent the
computed exciton wave function (p) and its change (Ap),
respectively. The computed wave function (p) highlights the
delocalized nature of the S; exciton across the molecular
framework, exhibiting a charge-transfer character. The change
in the wave function (Ap), shown in the third row, reveals how
the electronic structure responds to displacements along the
vibrational mode. A significant Ap indicates a strong couplin%
between the vibrational mode and the electronic transitions.’
Among the three molecules, 2,6-TXP-PhCz exhibits the
smallest Ap, indicating the most effective decoupling of
vibrations from electronic transitions, followed by 2,7-TXP-
PhCz and 2,3-TXP-PhCz, a similar pattern seen from Figures 3
and 4. This trend aligns with experimentally observed
nonradiative rate constants, which are relatively low (~10*
s™') and underscores the importance of vibrational decoupling
in minimizing nonradiative decay rates. These findings provide
valuable insights into molecular design strategies that target
vibrational modes to suppress nonradiative transitions and
optimize exciton utilization efficiency.

3.5. Vibronic Assisted Spin—Orbit Couplings. Tradi-
tional approaches, such as the classical Marcus rate equations,
often neglect vibrational contributions, leading to significant
discrepancies between theoretical predictions and experimental
observations. The necessity of including vibrational corrections
becomes evident when uncorrected SOC values are used in the
Marcus equation (eqs S1—S2). Without these corrections, the
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Figure S. Visualization of the highest-contributing vibrational modes for internal conversion transitions in the investigated molecules: (a) 2,3-TXP-
PhCz (b) 2,6-TXP-PhCz, and (c) 2,7-TXP-PhCz. The first row highlights the vibrational modes, with red arrows indicating the direction and
magnitude of the vibrational motion. The second row shows the wave function plots, illustrating charge transfer behavior, while the third row
presents the differential wave function plots, demonstrating the changes in wave function upon vibrational displacement.

resulting rate constants are unrealistically low, underscoring
the critical role of vibrational effects. Table S3 shows that HT
contributions dominate over FC terms, emphasizing the
importance of incorporating HT terms when calculating rate
constants. The spin—orbit coupling corrections were per-
formed at the same level of the theory described in Section 2,
employing the PBEO functional and the def2-TZVP basis set.
Starting from the optimized ground-state geometry, we carried
out a mode-specific displacement along each vibrational
normal coordinate (Q;) and computed the corresponding
SOC values at several points along this coordinate. The slope
0(SOC)/0Q; was then extracted to quantify how the SOC
varies with nuclear motion. This derivative was used in eq 6 to
calculate the mode-resolved correction factors. The corrected
SOC values were subsequently obtained by incorporating these
factors into the initially computed SOCs, as described in eq 5.
This procedure accounts for both electronic and vibrational
contributions to SOC, offering a more accurate representation
of spin-vibronic coupling. To highlight the significance of these
corrections, we have included both the corrected and
uncorrected SOC values in Tables S2 and S4. The corrected
SOC values and the resulting rates, summarized in Table S2,
demonstrate that vibrational corrections yield physically
meaningful results.

Figure 6 illustrates the temperature-dependent behavior of
SOC values (see eqs S and 6), showing a consistent increase
with rising temperature across all molecules. Among the
studied compounds, 2,6-TXP-PhCz exhibits the highest SOC
values, followed by 2,3-TXP-PhCz and. These corrected SOC
values lead to computed rates that align well with experimental
data, as shown in Tables S1 and S2. Moreover, all rates fall
within a single order of magnitude, as depicted in Figure S3. A
notable discrepancy arises in the computed ISC rate for 2,7-
TXP-PhCgz, which is significantly higher than the experimental
value. This difference can be attributed to the computed AEg;
for 2,7-TXP-PhCz, which is approximately 20 times larger than
the experimental value (see Tables S1 and S2). Interestingly,
all three molecules of identical molecular core and building
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Figure 6. Temperature-dependent total spin—orbit coupling (SOC)
for the investigated molecules, illustrating the variation in SOC values
with temperature.

blocks exhibit similar AEgy gaps in the computed results. This
suggests that the experimental determination of the S,-T, gap
for 2,7-TXP-PhCz may involve uncertainties or variations,
possibly due to experimental conditions or measurement
limitations. While the B3LYP/6—31G(d,p) level of theory was
used in the original experimental study,”” it exhibited
inconsistent performance across the molecular series, signifi-
cantly underestimating AEgp for several emitters. Conse-
quently, we adopted the PBEQ functional, which provides a
more balanced and reliable description of excited-state
energetics across this class of molecules and has also been
validated in recent literature.”” Although PBEO still slightly
overestimates AEgp for the 2,7 isomer, it improves overall
agreement with experimental data for the rest of the series.
Incorporating more accurate, albeit computationally expensive,
methods—such as optimally tuned range-separated hybrids or
double-hybrid functionals—could further refine this predic-
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tion, and future work employing such higher-level approaches
may offer improved quantitative accuracy, especially for
systems with subtle electronic structure variations. Although
2,6-TXP-PhCz exhibits the highest activation barrier for ISC,
its rate remains comparatively high due to its significantly
larger spin—orbit coupling (Table S2), highlighting that ISC is
influenced by both the barrier height and the magnitude of
spin—orbit interactions. Incorporating vibrational corrections
into SOC calculations and the Marcus equation has provided
significant insights into ISC and RISC processes. These
corrections not only improve the accuracy of rate constants but
also ensure their physical relevance, highlighting the critical
role of vibrational effects in understanding and optimizing
molecular photophysical properties.

The insights gained from our vibrational mode analysis offer
a practical design strategy for developing new high-efliciency
emitters. One can predict the exciton dynamics of new
candidate molecules by identifying vibrational modes that
predominantly enhance nonradiative decay processes such as
ISC and IC or, alternatively, support radiative mechanisms like
RISC. Molecules can then be rationally modified—for
instance, by introducing structural rigidity or altering donor—
acceptor configurations—to suppress deleterious modes while
preserving or enhancing beneficial ones. This framework thus
enables targeted molecular design aimed at maximizing
photoluminescence quantum yield and overall emission
performance.

Although this study focuses on a specific set of D—A—D type
emitters, the computational framework developed herein is
general and can be readily extended to conventional donor—
acceptor systems. The formalism relies on vibrational mode-
resolved analysis of spin-allowed and spin-forbidden tran-
sitions, which are inherent to all organic emitters. As such, the
insights gained from quantifying mode-specific contributions
to radiative and nonradiative processes, including ISC and
RISC, apply to a broader class of TADF materials. We
anticipate that this methodology can serve as a valuable tool for
exploring structure—property relationships in diverse molecular
backbones beyond the specific architectures studied here.

4. CONCLUSIONS

This study elucidates the intricate interplay between vibra-
tional and electronic properties in three donor—acceptor—
donor (D—A—D) type molecules—2,3-TXP-PhCz, 2,6-TXP-
PhCz, and 2,7-TXP-PhCz—to uncover the factors governing
their photophysical performance. Despite structural similar-
ities, these molecules exhibit markedly different photo-
luminescence quantum vyields and external quantum efficien-
cies. Our analysis reveals that these variations arise from the
distinct roles of vibrational modes in facilitating or suppressing
radiative and nonradiative processes. By integrating vibrational
corrections into spin—orbit coupling calculations and incor-
porating these corrections into the Marcus theory, we achieved
accurate predictions of intersystem crossing and reverse
intersystem crossing rates. The methodology provided deeper
insights into the critical influence of vibrational contributions
on exciton dynamics. Furthermore, exciton wave function (p)
and its change (Ap) highlighted the extent of vibrational mode
decoupling, demonstrating how specific modes influence
internal conversion while minimizing overall nonradiative
energy losses. These findings underscore the importance of
balancing vibrational and electronic factors to optimize exciton
utilization efficiency in thermally activated delayed fluores-

cence emitters. Our study provides a robust framework for the
rational design of high-performance OLED materials, offering
actionable strategies to enhance device efficiency by targeting
key vibrational modes and electronic transitions.*® This work
paves the way for future advancements in TADF emitter
design, bridging the gap between theoretical predictions and
experimental realizations for next-generation optoelectronic
applications.
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