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ABSTRACT
There are challenges in the development of organic light-emitting diode (OLED) technologies that aim to develop
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History highly efficient, cost-effective, and stable blue thermally activated delayed fluorescent (TADF) emitters. This
Received:  09.12.2025 computational chemistry study presents a comprehensive theoretical investigation of the photophysical, electronic,
Accepted:  12.04.2026 and charge transport features of carbazole-triazine-based compounds to evaluate their potential for TADF

applications. All geometry optimizations and excited-state calculations were carried out utilizing Density Functional
Theory (DFT) and Time-Dependent Density Functional Theory (TDDFT) methods at the B3LYP/TZ2P level. The
theoretical data presented suggests that substituent effects are crucial in tuning the OLED behaviors of these
emitters. Furthermore, the computational evidence suggests that the investigated compounds exhibit the strong
charge transfer character and the small singlet-triplet energy gap, indicating the most favorable conditions for
efficient TADF emitters. The study is expected to provide guidance for TADF OLEDs formed with pure organic

molecules.
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1. Introduction

The search for high-efficiency and low-cost display and
lighting technologies has brought organic light-emitting
diodes (OLEDs) to the forefront of academic and industrial
researchers[1]. In particular, following the 25% efficiency
limitation of first-generation fluorescent OLEDs, the
emergence of second-generation phosphorescent OLEDs
with 100% efficiency has been a driving force in the
development of OLED technologies[2]. Despite the high
efficiency of phosphorescent OLEDs, their requirement for
expensive noble metals such as iridium or platinum has
driven OLED researchers to seek new, inexpensive, and
highly efficient OLEDs[3]. Ultimately, these efforts have
led to the emergence of third-generation thermally
activated fluorescent (TADF) OLEDs, which achieve 100%
efficiency without requiring expensive metals, opening a
new chapter in the development of OLED technologies[4].

The principle of the TADF mechanism is based on
minimizing AEst, the energy difference between the
lowest energy singlet (S1) and triplet (T1) excited states[5].
A small AEst facilitates an efficient reverse inter-system
crossing (RISC) process at room temperature using
thermal energy[6]. This situation can best be achieved
with molecular designs that provide a spatial separation
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)[7].
A proven approach to this goal is the creation of donor-
acceptor (D-A) molecular architectures in which the donor

Keywords: Carbazole-triazine based compounds, Computational chemistry, OLED design, TADF emitter, TDDFT.

(electron-donating) and acceptor (electron-withdrawing)
units are linked in a way that minimizes orbital overlap[8].

In this context, the carbazole unit stands out as a
widely used robust donor due to its strong electron
donating ability, high triplet energy and excellent hole
transport properties[9,10]. Furthermore, since the design
of TADF devices emitting high-energy blue light is
challenging, the high triplet energy of carbazole is crucial
for maintaining blue emission[11,12]. It is well known that
triazine is a six-membered heterocyclic aromatic ring with
three nitrogen atoms at its center[13,14]. This structure of
triazine makes it a valuable acceptor due to its high
electron affinity and thermal stability[15]. Thanks to the
excellent acceptor properties of triazine, highly efficient
TADF systems can be formed, especially when combined
with good donor groups such as carbazole[16,17].
However, it should be noted that molecular architecture,
including the number of donor units, their binding
positions, and the nature of the linkers between
molecules, critically determines photophysical properties
such as AEst, photoluminescence quantum vyield, and
emission color[18].

On the other hand, carbazole is structurally an
electron-rich molecule. This makes it a good hole
carrier[19]. In contrast, triazine has the opposite character
to carbazole. Due to the electronegative nitrogen atoms
in its structure, it is an electron-deficient molecule[20].
This makes it an excellent electron transporter[21]. A
combined D-A system consisting of a carbazole and a
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triazine group enables balanced charge transfer and
injection[22,23]. This also makes combined carbazole-
triazine structures important for applications such as
OLEDs, where charge transport performance is critical[24,
25].

This purely computational study presents a detailed
theoretical investigation and performance prediction of
previously synthesized carbazole—triazine-based
compounds (Ref. 26), with particular emphasis on charge
transport, reorganization energies, ISC/RISC rate
constants, and solvent effects, which were not
comprehensively addressed in the original study.

The present study builds upon the carbazole—triazine-
based compounds previously reported in [26], whose
molecular structures are illustrated in Figure 1, by
providing a comprehensive theoretical analysis of their
photophysical and charge transport properties, with
particular emphasis on singlet—triplet energy gaps,
reorganization energies, and ISC/RISC rate constants.
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Figure 1. 2D demonstration of the carbazole-triazine
based molecules studied

2. Materials and Methods

Density Functional Theory (DFT) and Time-Dependent
Density Functional Theory (TD-DFT) computations were
performed using the Amsterdam Density Functional (ADF)
module of the Amsterdam Modeling Suite (AMS) 2025
package program[27]. The ground state (So) and excited
state (S1 and Ti) structures of the compounds were
optimized using the hybrid B3LYP functional and the TZ2P
basis set, which have proven accuracy and reliability in
predicting molecular orbital energies, charge transfer, and
excited state properties in m-conjugated organic systems.
Additionally, to model solvatochromic effects and predict
the absorption behavior in solution, absorption
calculations were also executed at the same level of
theory (B3LYP/TZ2P) using the COSMO solvation model
for cyclohexane, toluene, dichloromethane, and methanol
solvents[28, 29].

To evaluate the charge transport properties, the
electron (Ae) and hole (A,) reorganization energies were
calculated using the single-point energies of optimized
neutral, anionic, and cationic structures, as detailed in

previous literature[30-33]. Similarly, key quantum
chemical descriptors, including adiabatic (IPa) and vertical
ionization potentials (IPv), electron affinities (EAz and EAv),
and chemical hardness (n), were obtained from the single-
point energies.

For the assessment of TADF performance, key
photophysical parameters such as the singlet—triplet
energy gap (AEst), spin—orbit coupling matrix elements
(SOCME), and reorganization energy (A) were calculated
using the optimized Si1 and Ti1 geometries. The singlet—
triplet energy gap was determined as.

AEg = Eg — Ep, (1)

The reverse intersystem crossing (krisc) rate constant
was computed as[34,35]:

(AEg, + /1)2> )

i 27t|H E
Rrisc = = 1Hso exp a2k T

Similarly, the intersystem crossing (kisc) rate constant
was calculated as:

_ 12
(AEg. — 2) > @)

2n ,
kisc =7|Hso| exp\ — 42kyT

where Hso represents the spin-orbit coupling between
the S1and T states, Ais the reorganization energy, ks is the
Boltzmann constant, and T is the absolute temperature.

3. Results and Discussion

3.1 Molecular Geometry and Frontier Molecular Orbitals

The ground-state geometries of four carbazole-triazine-
based molecules were optimized at the B3LYP/TZ2P level.
As shown in Figure 2, all compounds adopt a bent donor-
acceptor structure, where electron-donating carbazole
units and an electron-accepting triazine core are connected
by an aromatic bridge. This spatial configuration is essential
for achieving a minimal singlet-triplet energy splitting, a
prerequisite for efficient TADF.

DCzTRZAr-OMe

DCzTRZAr-F

DCzTRZAr-CF;

Figure 2. The optimized geometries of the carbazole-triazine
based molecules investigated at B3LYP/TZ2P level.
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In addition to this, by analyzing frontier molecular
orbitals (FMOs) which are specifically the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), one can gain direct insight into
the electronic structures that govern the TADF mechanism.
For this purpose, the energies and distributions of the FMOs
were computed at the B3LYP/TZ2P level. Their spatial
distributions are visualized in Figure 3. Considering to Figure
3, it appears that there is a distinct spatial distinction
between the HOMO and the LUMO in all the compounds
studied. The HOMO is predominantly situated on the

carbazole units that donate electrons and the connecting
aryl bridge, while the LUMO is almost exclusively present
in the triazine core that accepts electrons and its attached
substituents.

The distinct separation minimizes the wavefunction
overlap between the HOMO and LUMO. This reduces the
direct exchange energy, resulting in a minimal singlet-
triplet energy gap. Therefore, molecules with this distinct
spatial separation are endowed with a small singlet-triplet
energy splitting, a key characteristic that enables their
function as efficient TADF emitters.

HOMOs (eV)

DCzTRZAr-OMe

DCzTRZAr-DiMe

DCzTRZAr-F

DCzTRZAr-CF,

Figure 3. Calculated frontier molecular orbital distributions and energy levels of the compounds examined at the

B3LYP/TZ2P level of theory in vacuum.

From Figure 3, it can be clearly shown that the HOMO
energy levels range from -6.40 eV to -6.19 eV, while the
LUMO energies lie between -2.65 eV and -1.88 eV. By
introducing electron-withdrawing substituents
(molecules 3 and 4), in particular -CF3 in molecule 4, the
HOMO and LUMO levels can be stabilized. Conversely,
electron-donating groups (compounds 1 and 2) result in
higher HOMO and LUMO levels. This controlled
modulation in the FMO energies offers obvious
advantages for the OLED design. The HOMO levels of the
molecules 3 and 4 are ideal for matching with high-work-
function anodes and thus improving hole injection. On the
other hand, electron-donating molecules (1 and 2) could
serve as host materials or in transport layers due to their
higher-lying HOMOs, which can help block electrons and
improve exciton formation. As with the HOMO level, the
LUMO level needs to match the cathode. For efficient
electron injection from a cathode, the energy barrier
between the work function of the cathode and the LUMO
level of the molecule should be minimized. Ideally, it is
recommended that the cathode work function has a

greater absolute value than the LUMO energy. This
enables electrons to move from the cathode to the LUMO
orbital of the emissive layer in a favorable way. Referring
to Figure 3, it can be expected that a low-lying LUMO, such
as that in molecule 4, is optimally aligned with high-work-
function cathodes.

3.2 Charge Transport Properties and Chemical Stabilities

Efficient and balanced charge transport is crucial for
achieving high-performance OLEDs. It ensures the
coordinated arrival of electrons and holes within the
emission layer, thereby optimizing carrier injection and
recombination across the device layers. The charge
transport properties of the studied molecules are
evaluated by comparing their computed reorganization
energies with those of well-established standard
compounds in organic light-emitting diode technology. It
is well-know that Algs (tris(8-hydroxyquinoline)
aluminium) is a material that represents the standard for
electron transport with a reorganization energy of 0.276
eV[36], whereas  TPD (N,N’-diphenyl-N,N’-bis(3-
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methylphenyl)-1,1'-biphenyl-4,4'-diamine) is utilized as
the reference for hole transport, with a hole
reorganization energy of 0.290 eV[37]. From Table 1, it
can be shown that all of the compounds studied have
electron reorganization energy values higher than the that
of the standard electron transfer material, Alg3. However,
from the same table, it is observed that the hole
reorganization energy values of all compounds examined
are lower than the that of the reference hole transfer
material, TPD. Thus, one can easily state that the
carbazole-triazine-based molecules investigated can be
used as good hole transfer materials rather than electron
transfer materials. Furthermore, it should be noted that
DCzTRZAr-CF3 can be proposed as an excellent candidate
for hole transport material due to its lowest
reorganization energy (0.07 eV) among studied molecules.

lonization potentials (IP) and electron affinities (EA)
are critical descriptors for designing efficient OLED

architecture. For efficient hole injection from the anode,
it is important that the material in the adjacent hole
injection layer has a low ionization energy. As shown in
Tablel, among the carbazole-triazine complexes studied,
DCzTRZAr-OMe exhibits the lowest adiabatic and vertical
ionization potential, identifying it as the most suitable
candidate for the hole transfer layer. In contrast, for
effective electron injection from the cathode, the material
in the adjacent electron injection layer must have a high
electron affinity. Based on the same table, it can be said
that DCzTRZAr-CFs has the highest adiabatic electron
affinity, making it the most promising candidate for the
electron injection layer. Therefore, it can be predicted
that an OLED stack containing DCzTRZAr-OMe in hole
injection layer and DCzTRZAr-CFs in electron injection
layer will provide superior charge injection.

Table 1. Computed reorganization, ionization, electron affinity, and chemical hardness energies (in eV) for the molecules

studied at the B3LYP/TZ2P level of theory

Molecule Ae An 1P, EA, EA, n
DCzTRZAr-OMe 0.28 0.14 7.04 7.11 0.97 0.69 3.04
DCzTRZAr-DiMe 0.78 0.14 7.16 7.23 0.91 0.50 3.12

DCzTRZAr-F 0.62 0.14 7.18 7.25 1.18 0.88 3.00
DCzTRZAr-CF3 0.36 0.07 7.26 7.26 1.54 1.54 2.86

Ae and A, denote the electron and hole reorganization energies, respectively. IP, and IP, represent the adiabatic and vertical
ionization potentials, while EA, and EA, correspond to the adiabatic and vertical electron affinities. n is the chemical hardness.

Operational stability is the primary concern for OLED
devices, along with efficiency. The chemical hardness (n),
a quantum chemical descriptor of molecular stability, can
be utilized to estimate the relative operational lifespan of
these molecules. Table 1 indicates that DCzTRZAr-OMe
has the highest chemical hardness among the series,
which may mean it has the most intrinsic stability and
longest operational lifetime in an OLED device.

3.3 Photophysical Properties and TADF Performance
The main focus of this investigation is to assess the
photophysical properties that pertain to TADF. The
fundamental photophysical parameters, including the Si-
So and T1-So energy gaps, the resulting fluorescence and

phosphorescence emission wavelengths, the Si1-T1 energy
splitting, and the inter-system crossing rates (kisc) and
reverse inter-system crossing rates (krisc), are summarized
in Table 2. From the emission data in Table 2, it can be
estimated that the compounds studied can predominantly
emit light in the blue region (412 nm - 503 nm), based on
the wavelengths corresponding to their calculated
fluorescence (Si1-So) and phosphorescence (Ti-So)
energies. Additionally, the calculated emission profiles of
these compounds, particularly the blue fluorescence of
the molecules, may contribute to solving problems
associated with blue TADF emitters, which are a critical
obstacle in OLED development.

Table 2. Photophysical parameters including singlet and triplet excitation energies (eV), emission wavelengths (nm),
spin—orbit coupling matrix elements (cm™), reorganization energies (eV), and intersystem crossing rate constants

(s7") for the studied molecules at 298.15 K.

SOCME krisc kisc
Compound S1-So T1-So Fl. Ph. S1-Ta 51T 1155, 15T,
DCzTRZAr-OMe 2.88 2.89 430 429 0.00* 0.49 0.59 2.59 x 105 2.59 x 10°
DCzTRZAr-DiMe 3.01 291 412 426 0.10 0.53 0.91 1.39x103 6.83 x 104
DCzTRZAr-F 2.74 2.71 452 457 0.03 0.10 0.06 2.83 x 108 9.11 x 108
DCzTRZAr-CF3 2.50 2.47 495 503 0.04 0.10 0.04 2.72 x 107 1.29 x 107

S1—So and T1—So represent the singlet and triplet excitation energies from the ground state, respectively. Fl. and Ph. denote the
fluorescence (S1->So) and phosphorescence (T1->So) emission wavelengths. AEsr is the singlet—triplet energy gap defined as E(S;) -
E(T1). SOCME is the spin—orbit coupling matrix element. A is the reorganization energy. krisc and kisc are the reverse intersystem
crossing and intersystem crossing rate constants, respectively. All values are reported at 298.15 K.

*The slightly negative AEst value (-0.009 eV) obtained from the calculated S; and T; energies is within the intrinsic error margin of

the TD-DFT method and is therefore considered effectively zero.
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Table 2 clearly shows that the singlet-triplet gaps,
which are an important step for the TADF mechanism,
have exceptionally small values ranging from 0.00 eV to
0.10 eV for all compounds studied. As discussed
previously, the significant spatial separation of HOMO and
LUMO leads to the formation of small singlet-triplet gaps.
In particular, DCZTRZAr-OMe exhibits an effectively zero
gap (AEst = 0.00 eV), while DCZTRZAr-F and DCzTRZAr-CF3
show small positive values of 0.03 and 0.04 eV,
respectively. These small gaps are attributed to the
pronounced spatial separation of the HOMO and LUMO
orbitals, which reduces the exchange interaction and
facilitates reverse intersystem crossing.

The spin-orbit coupling matrix element (SOCME) is the
factor that determines the efficiency of the spin-flip
processes, ISC and RISC, as it measures the interaction
between electronic spin and orbital angular momentum,
resulting in a mixture of singlet and triplet states. The
SOCME values obtained at B3LYP/T2ZP level by utilizing
the triplet states of the molecules studied are tabulated in
Table 2. As listed in Table 2, it is observed that the spin-
orbit coupling matrix elements for these entirely organic
molecules are small (0.10-0.53 cm), as expected in the
absence of heavy atoms. This reinforces the idea that the
thermal RISC pathway enabled by the small singlet-triplet
gap is the primary way to populate the singlet state, rather
than direct spin-orbit coupling.

The calculated krisc and kisc values show a strong
dependence on both AEsr and reorganization energy.
DCzTRZAr-CFs exhibits the highest krisc value (2.72 x 107 s°
1), followed by DCzTRZAr-F (2.83 x 10° s1), indicating
efficient reverse intersystem crossing despite relatively
small SOCME values. This behavior is mainly attributed to
the combination of small AEst and low reorganization
energy, which reduces the activation barrier for the RISC
process.

In contrast, DCzTRZAr-DiMe shows lower krisc values
due to its larger singlet—triplet gap (0.10 eV), which
increases the activation barrier for thermal up-
conversion. Although DCzTRZAr-OMe exhibits a nearly
zero AEsr, its krisc value remains moderate, suggesting that
factors such as reorganization energy and coupling
strength also play a significant role in determining the
overall TADF efficiency.

Overall, the indicate that all studied
compounds possess favorable characteristics for TADF,
particularly due to their small singlet—triplet gaps and
balanced ISC/RISC rates. Among them, DCzTRZAr-CFs and
DCzTRZAr-F stand out as the most promising candidates,

results

combining efficient reverse intersystem crossing with
suitable emission properties.

3.4 Solvent effects on absorption

To gain insight into their solvatochromic effects, the
absorption properties are examined in different solvents
such as cyclohexane, toluene, dichloromethane, and
methanol. The spectra obtained in solvents of different
polarities at the B3LYP/TZ2P level are seen in Figure 4.
According to Figure 4, DCzTRZAr-OMe has the highest
absorption intensity among the four compounds, with a
maximum of 325 nm. For DCzTRZAr-OMe, a significant
bathochromic shift (red-shift) is observed along with an
increase in oscillator strength as the solvent polarity
increases from cyclohexane to methanol. Interestingly, it
can be seen in Figure 4 that the DCzTRZAr-DiMe
compound exhibits an opposite behavior compared to
DCzTRZAr-OMe in solvents. For DCzTRZAr-DiMe, a
significant hypsochromic shift (blue-shift) is observed,
accompanied by a decrease in oscillator strength with
solvent polarity. On the other hand, DCzTRZAr-F and
DCzTRZAr-CF3 exhibit weaker solvatochromic responses
compared to their methoxy- and dimethyl-substituted
analogs, as clearly seen in Figure 4. With the increase in
polarity, DCzTRZAr-F displays a slight
hypsochromic shift that is accompanied by an obvious
decrease in oscillator strength. It should be noted here
that the greatest blue shift occurs in toluene solvent, not
parallel to the increase in polarity. Similarly, DCZTRZAr-CF;
shows a slight bathochromic accompanied by a decrease
in absorption intensity as solvent polarity increases. These
observations reveal that electronic transitions in the
compounds studied vary in different environments and
that in this case, the media will change the photophysical
properties according to the structure of the compound.

Finally, it should be emphasized that although
absorption spectra alone cannot confirm TADF behavior,

solvent

the observed bathochromic and hypsochromic shifts,
along with changes in oscillator strength, reflect variations
in the charge-transfer (CT) character of the excited states.
In donor—acceptor systems such as the carbazole—triazine
compounds studied here, solvent polarity can significantly
influence the stabilization of CT states, leading to changes
in excitation energies. This effect is particularly important
for TADF materials, as solvent-dependent modulation of
CT character can alter the singlet—triplet energy gap (Ast)
and consequently affect the efficiency of reverse
intersystem crossing (RISC)[38].
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Figure 4. UV-Vis absorption spectra of the investigated organic molecules in various solvents, achieved at the TD-DFT

(B3LYP/T2ZP, COSMO) level of theory.
4. Conclusions

In  conclusion, a comprehensive computational
investigation was carried out to evaluate the TADF
potential of carbazole—triazine-based donor—acceptor
molecules. The results clearly demonstrate that all studied
compounds exhibit a pronounced spatial separation
between HOMO and LUMO orbitals, leading to extremely
small singlet—triplet energy gaps (< 0.10 eV), which is a
fundamental requirement for efficient reverse
intersystem crossing.

Among the investigated molecules, DCzTRZAr-CFz and
DCzTRZAr-F stand out as the most promising candidates
due to their favorable combination of small AEST values,
high krisc rates, and suitable emission characteristics in the
blue region. In addition, the calculated charge transport

properties reveal that these compounds are more suitable
as hole transport materials, with DCzTRZAr-CFs showing
particularly low reorganization energy.

Furthermore, substituent effects were found to play a
critical role in tuning the electronic structure and
photophysical properties of the molecules, offering a
practical strategy for the rational design of high-
performance TADF emitters. Overall, this study not only
predicts the promising performance of these carbazole—
triazine derivatives but also provides valuable design
guidelines for future development of efficient and stable
blue TADF-OLED materials.
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