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1. Introduction

A molecular descriptor of a shallow potential
energy surface for the ground state to achieve
narrowband thermally activated delayed
fluorescence emissiony

Jiagiang Zhao,? Huanling Liu,” Jianzhong Fan {2 *° and Qingfang Mu*®°

Narrowband thermally activated delayed fluorescence (TADF) molecules have extensive applications in
optoelectronics, biomedicine, and energy. The full-width at half-maximum (FWHM) holds significant
importance in assessing the luminescence efficiency and color purity of TADF molecules. The goal is to
achieve efficient and stable TADF emissions by regulating and optimizing the FWHM. However, a bridge
from the basic physical parameters (such as geometric structure and reorganization energy) to the
macroscopic properties (delayed fluorescence, efficiency, and color purity) is needed and it is highly
necessary and urgent to explore the internal mechanisms that influence FWHM. Herein, first-principles
calculations coupled with the thermal vibration correlation function (TVCF) theory were performed to
study the energy consumption processes of the excited states for the three TADF molecules (2,3-POA,
2,3-DPA, and 2,3-CZ) with different donors; inner physical parameters affecting the FWHM were
detected. By analyzing the basic geometric and electronic structures as well as the transition properties
and reorganization energies, three main findings in modulating FWHM were obtained, namely a large
local excitation (LE) proportion in the first singlet excited state is advantageous in reducing FWHM,
a donor group with weak electron-donating ability is beneficial for achieving narrowband emission,
and small reorganization energies for the ground state are favorable for reducing FWHM. Thus, wise
molecular design strategies to achieve efficient narrowband TADF emission are theoretically proven and
proposed. We hope that these results will promote an in-depth understanding of FWHM and accelerate
the development of high color purity TADF emitters.

typically exhibit strong vibrational relaxation (with rates ran-
ging from 10" to 10" s™') and strong vibrational coupling

In recent years, with the thriving development of thermally
activated delayed fluorescence (TADF) materials, the research
interest in TADF molecules has rapidly escalated.' TADF
molecules have become a research hotspot in organic light-
emitting diodes (OLEDs) due to their advantages of 100%
internal quantum efficiency and the absence of precious
metals.®™® Although the efficiency of TADF molecules has
greatly improved, high color purity remains a key issue that
needs to be addressed."*™ Organic luminescence molecules
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between the excited state and ground state; as a result, their
emission spectra are relatively broad, and developing narrow-
band TADF molecules is a longstanding challenge in the field
of electroluminescence.'®>*

Researchers have made great efforts in this field. For the
first time, Duan et al. reported a series of efficient green-
emitting multi-resonance induced thermally activated delayed
fluorescence (MR-TADF) materials by amplifying the influence
of the skeleton and peripheral units. Peripheral units with
electron-deficient characteristics could significantly reduce
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy gap while main-
taining color purity. Thus, an MR-TADF emitter with a photo-
luminescence quantum yield of over 90% and a full-width at
half-maximum (FWHM) of 25 nm was developed.>® Woo et al.
synthesized a series of green fluorescence moieties based on
a tetra-azaacene core by introducing nitrile substituents at
different positions. Corresponding results showed that the
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molecular structure of organic fluorescence moieties could be
modulated by adjusting the structure and position of the sub-
stituents, thereby suppressing the narrowband emission from
the vo, (n = 1, 2, 3...) vibrational transition.”® Zhang and
Adachi proposed an ultrapure green emitter of 11,16,28,33,39-
pentakis(2-methylprop-2-yl)-19,36-dibora-1,7,24-triazatrideca-
cyclo[21.19.2.12,6.17,18.124,35.020,43.019,47.036,44.031,45.014,
46.08,13.037,42.025,30]heptatetraconta-2(3),4,6(47),8(9),10,12,
14(15),16,18(46),20(43),21,23(44),25(26),27,29,31(45),32,34,37-
(42),38,40-henicosaene (DBTN-2) based on organic boron with
a highly twisted fused m-conjugated molecular design. This
design concept significantly reduced the relaxation energy
between the excited state and the ground state geometries,
resulting in an FWHM of only 20 nm.?” Lee and colleagues
improved the rigidity, and resonance strength, suppressed
molecular bending and twisting, and destabilized the HOMO
energy by intramolecular cyclization in the carbonyl/N reso-
nant core. This resulted in the formation of a deep blue
emitter with a peak wavelength of 440 nm and an ultranarrow
bandwidth of 16 nm.*® In addition, Wu et al. performed a
detailed theoretical analysis of the recombination energy that
characterizes the vibrational coupling strength, elucidating
the color purity changes of B, O-doped polycyclic aromatic
compounds with MR-TADF. The computational results showed
that changes in the bond length played a major role in the
recombination energy of these highly conjugated aromatic
molecules, and the source of the large recombination energy
could be explained from the perspective of molecular orbitals;*®
researchers have also made significant efforts to improve the
color purity of TADF molecules.>*™*
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However, there is still a lack of theoretical research on the
internal physical factors of FWHM, which hinders a true under-
standing of the internal mechanisms for improving color
purity of luminescence molecules. Therefore, we believe that
a time-saving and effective strategy is to fundamentally under-
stand the influencing factors of FWHM through theoretical
analyses.

Recently, Zheng et al. effectively synthesized TADF conju-
gates of carbazole/carbonyl through the addition and cycliza-
tion reaction of cyanide with carbazole. The attachment of
auxiliary donors (including carbazole, diphenylamine, and
phenolazine) to the carbazole/carbonyl backbone further shifted
their emissions from blue to yellow-green. It is worth mention-
ing that a pure blue OLED with a peripheral carbazole-attached
emission layer had a maximum external quantum efficiency
(EQEmay) of 22.3% and FWHM of 48 nm.>® Based on this point,
detailed theoretical calculations and analyses were performed
for these three molecules (shown in Fig. 1), the energy con-
sumption processes of excited states are fully revealed, and the
influence of the donor groups on the FWHM of vibrational
resolved TADF spectra is illustrated. The results show that mole-
cules with charge transfer (CT) states exhibit larger FWHM, while
molecules with hybridized local charge-transfer (HLCT) states
have smaller FWHM. Moreover, the relationship between FWHM
and reorganization energy is explored, and low reorganization
energies contribute to the reduction in FWHM. Additionally, the
electron-donating ability of the donor group affects the spectral
broadening, with weaker abilities resulting in narrower spectra.
Thus, a wise strategy to achieve narrowband thermally acti-
vated delayed fluorescence emission by constructing a shallow

Fig. 1 Molecular structures and PCM models (in toluene) of 2,3-POA, 2,3-DPA, and 2,3-CZ. The atomic numbers are also being displayed in the figure.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 5156-5168 | 5157


https://doi.org/10.1039/d3cp05875a

Published on 05 January 2024. Downloaded on 8/25/2025 11:31:10 AM.

PCCP

potential energy surface for the ground state is theoretically
proved and proposed.

2. Theoretical derivations from FWHM
to PES for the ground state

Let us start by reviewing the Golden rule expression for the
molar absorptivity of the transition from the r state to the p
state. Neglecting the coordinate dependence of the optical
dipole matrix element, the molar absorbance ¢,, denoted by
—logI/l, = ¢,ML, is defined as the ratio of the incident light
intensity (1) to the transmitted light intensity (/) multiplied by the
molar concentration (M) of the solute and the path length (L).
Next, we turn to the quantum expression. In the Golden rule
expression for the electron-transfer rate constant and that for
absorbance ¢,/v or fluorescence f,/v* quantum expression when

the Condon approximation is introduced:*”-*

81//1/_ a/by Z’ lﬁpwjm 2 7E;/kBT (1)

n.m

There into:
hv < Eb, — E, + AE, < h(v +6,) (2)

E}, and E;, represent the mth and nth energy levels of the p and
r electronic states, respectively, measured relative to their
respective lowest states considering nuclear motion. y% and
W, are the wave functions for the nuclear motion on the p and r
surfaces, respectively. AEy, represents the adiabatic energy
difference between the r-state and p-state. Similarly, for the
fluorescence spectrum of the transition from the p-state to the
r-state, the probability of emitting photons in the frequency
range per unit time (v, v + ¢,) is denoted as f,0,:

Sof v = (Cr/8) 3[Rl e /T @)

nm
In (1) C, is given by:*°
[ A / (3hncQ; In 10) (@)
where N, denote Avogadro’s number divided by 10%, ,, repre-
sent the transition dipole matrix element for the r — p transi-
tion. n, ¢, and Q, denote the refractive index of the medium, the
velocity of light, and the partition function of the system when

the solute is in the r electronic state.
Similarly,

Cr = 641’ n|up|*/ehc*Qp (5)

where Q, denotes the partition function of the entire system
with the solute in the p electronic state.
Expanding eqn (1) yields:

& /v =

Ca Z| (gh]| @b )& GO/ T p, (T)(dx/dv) / Jw - GHO/kT g

(6)

5158 | Phys. Chem. Chem. Phys., 2024, 26, 5156-5168

View Article Online

Paper

where |{@r|ph)|? is the Franck-Condon factor for the vibra-
tional mode, and p,(7) is the equilibrium probability of the
solute in the n vibrational level of the electronic state r. Gi(x) is
the equilibrium solvation free energy for the r-state. In the case
of weak electronic coupling between the r-state and p-state:*°

kET/kET max __ efAGlfp(q*)/kBT (7)

(E0/) [ (60 )1) g = € 200 /K0T .

where AGy (¢”) is the reorganization energy on the electronic
r-state. Combining eqn (7) and (8) yields:

KET JREE™S = (1, /0) (60 ) ©)

Finally, the expression for the FWHM of the fluorescence
spectrum is:

Wi =~ 2[(Aio, + 220ksT + 2AiksTh,/k)(2 In 2)]"?
(10)

where 7 is the “vibrational reorganization parameter”. hiw, is
the spacing of energy levels in the r states. 4, is a second solvent
contribution. k;/k, denotes the ratio of the force constant in the
equilibrium solvation-free energy of r and p states. It is evident
from the abovementioned equations that nuclear motion wave-
functions can influence the reorganization energy of lower
energy states, thereby affecting the FWHM of the emission
spectrum. Moreover, considering the TADF process that we are
investigating, we believe that the reorganization energy of the
So state has a significant impact on the FWHM.
Based on the total spontaneous emission rate:

K= [0S Pl oo ~0)do 1)

r.p

41,42

Considering radiation occurring between two electronic
states and under the adiabatic approximation with P, = P,(T)
taken as the Boltzmann distribution, eqn (11) can be written as:

K(T) = Jaf(w7 T)dw (12)

where:

40’
AE 3 Pn/ T ‘<
st 2 P 1| (s

2
5(U)rurp1/p - CU)

(13)

a¢(w,T) represent the differential radiation rate. |y, ) and |1//p,,P)
represent the Born-Oppenheimer adiabatic states. From
eqn (11)-(13), it is also evident that the nuclear motion wave-
function has an impact on the spontaneous emission rate. It is
well known that the nuclear motion wavefunction and the
potential energy surface mutually influence each other. The
shape and parameters of the potential energy surface affect
the form and energy level distribution of the nuclear motion
wavefunction, whereas the form and energy level distribution
of the nuclear motion wavefunction, in turn, affect the shape
of the potential energy surface. This interaction allows the

Gf(CU, T) = :upr’l//r,ur>
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Fig. 2 (a) Potential energy surfaces of the So and S; states and (b) schematic representation of the absorption and emission spectra.

potential-energy surface and the nuclear motion wavefunction
to jointly describe the molecular structure and dynamics in
quantum chemistry. Based on the above, we can come to the
following conceptions:

Based on the aforementioned analyses, we now explain this
issue using a more easily understandable approach. As is
commonly known, the energy value of a system corresponds
to the molecular geometric structures, and the energy values at
different nuclear coordinates together form the potential
energy surface (PES). Therefore, PES serves as a pivotal means
for investigating the internal mechanisms of molecules.**™*®
According to Marcus’s theory, /4, and 4, represent the different
reorganization energies (shown in Fig. 2(a)). If we express the
abscissa of the spectrum as energy E, the absorption and emission
spectra of the organic luminescence molecules are illustrated in
Fig. 2(b). It is evident that the broadening of the absorption
spectrum is primarily associated with 4; on the S; PES, while the
broadening of the emission spectrum is mainly influenced by 4,
on the S, PES. Therefore, the relationships between FWHM and
PES for the ground state are established, and our subsequent
discussion primarily focuses on the S, PES.**%

3. Computational details

To better describe the photophysical properties of TADF mole-
cules in the liquid phase, a PCM computational model was
established.’*®> Additionally, the excited-state properties are
highly sensitive to the choice of functional. In addressing this
issue, different functionals such as B3LYP, BMK, M062X, PBEO,
and WB97XD were employed to calculate the emission wave-
lengths in the liquid phase, and the results are presented in
Table 1. It is observed that the PBEO functional exhibited
excellent agreement with the experimental values for all the
studied molecules. Therefore, our subsequent calculations
were performed based on the PBEO functional coupled with
the 6-31g(d) basis set. In the calculations, both the ground state
and excited state geometric and electronic data were obtained
using the density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) methods, respectively.

This journal is © the Owner Societies 2024

Table 1 Emission wavelengths (nm) of S; calculated by different func-
tionals for 2,3-CZ, 2,3-DPA and 2,3-POA in toluene

B3LYP BMK M062X PBEO WB97XD  Exp“
S;  2,3-CZ 470.81 395.93 371.66 443.10 359.93 449
2,3-DPA  524.29 431.87 402.38 492.00 391.78 496
2,3-POA  649.73 493.58 431.86 598.02 399.75 547

“ Emission peak at room temperature measured in toluene (5.0 x 10> m).

All the above-mentioned calculations were carried out using
the Gaussian16 package.®® In order to investigate the excited
state energy consumption processes of these TADF molecules,
the radiative decay rate (k;) was calculated based on Einstein’s
spontaneous emission equation with the expression of k, =
—Ef]1.499 s~ *. The non-radiative decay rate (k,,) is determined
using the thermal vibration correlation function (TVCF) theory
method, obtained through the MOMAP program, with a Lorentzian
broadening width of 100 cm '.** Furthermore, the spin-orbit
coupling (SOC) constants were calculated using the Dalton 2013
program,®® based on fully optimized geometric and electronic data.
In addition, the normal mode analyses for reorganization energies
were performed using the DUSHIN package.®® The vibrational
resolved TADF spectra are simulated using the TVCF spectral theory
implemented in the MOMAP program. All these related equations
and processes can be found in Peng, Shuai, Cui, Ma, Bai, and our
works.®”””° Besides, the vibration-mode mixing effect can be taken

3n—6
into account as Qik = Y. Sk Qs + Dx. Here, S is the Duschinsky
]

rotation matrix representing the mixing of normal modes in the
initial and final states and the vector Dy is the displacement along
the normal mode k. All these parameters and reorganiza-
tion energies can be projected onto the internal coordinates using
Reimers’ algorithm.”"”>

4. Results and discussion
4.1. Impact of donor groups on FWHM

Firstly, as depicted in Fig. 3, we calculated the spectral full
width at half maximum of the three molecules by setting

Phys. Chem. Chem. Phys., 2024, 26, 5156-5168 | 5159
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Fig. 3 Calculated phosphorescence spectra in toluene at room temperature.

FWHM = 150 cm ™, resulting in values of 92 nm, 50 nm, and
38 nm. We then compared our calculated values with the
corresponding experimental data obtained from ref. 36, which
were 92 nm, 57 nm, and 36 nm, respectively. A close corre-
spondence between our calculated and experimental values is
evident. By analyzing the data, we observed that the 2,3-POA
molecule has the largest FWHM (96 nm), followed by the 2,3-
DPA molecule with an FWHM of 52 nm, while the 2,3-CZ
molecule exhibited the smallest FWHM, measuring 40 nm.
This indicates that the different donor groups could generate
significant influence on FWHM. Later, we calculated the
absorption spectra of the three molecules in toluene, and the
corresponding results are shown in Fig. S1 (ESIT). The results
reveal distinct absorption peaks at different wavelengths for
each molecule. Specifically, 2,3-POA exhibits an absorption
peak at 494 nm, 2,3-DPA at 454 nm, and 2,3-CZ at 418 nm.
Moreover, to provide a better understanding of their photo-
physical properties, we conducted a molecular frontier orbital
analysis. The energy and distribution of the orbitals are
depicted in Fig. S2-S4 (ESIt). It is evident that the S, and S,
states of the investigated molecule were primarily governed by
the transition of the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO).
Similarly, the T; state of 2,3-POA was also dominated by
the HOMO — LUMO transition. The T, state of 2,3-DPA is

5160 | Phys. Chem. Chem. Phys., 2024, 26, 5156-5168

predominantly influenced by the HOMO—1 — LUMO transi-
tion (68.9%), in addition to the transitions involving HOMO —
LUMO (11.3%) and HOMO—8 — LUMO (4.4%). The Tj state of
2,3-CZ is mainly influenced by the HOMO—1 — LUMO transi-
tion (44.2%), along with the transitions involving HOMO —
LUMO (22.8%), HOMO—2 — LUMO (8.5%), and HOMO—7 —
LUMO (8.9%).

In order to elucidate the reasons behind these differences,
we first analyzed the electronic structures of the three mole-
cules, which revealed the impact of different donor groups on
the transition properties. The natural transition orbitals (NTOs)
of the S; state for the three molecules are illustrated in Fig. 4.
Here, we know that the S; state of 2,3-POA exhibits a typical CT
feature with the LE (local excitation) proportion of 21.31%,
which corresponds to a larger FWHM. On the other hand, 2,3-
DPA and 2,3-CZ displayed typical HLCT features, with LE
proportions of 40.96% and 47.66%, respectively, resulting in
smaller FWHM. Based on this, we hypothesize that a large LE
proportion in the S; state is advantageous in reducing FWHM,
2,3-DPA, and 2,3-CZ with HLCT features favoring to possess
small FWHM values (52 nm and 40 nm, respectively) compared
with that of 2,3-POA (96 nm). At the same time, we performed
analysis of the T-state NTOs, as depicted in Fig. 4. The findings
demonstrated that the T; state of 2,3-POA corresponded to a CT
state, the T, state of 2,3-DPA corresponded to an HLCT state,

This journal is © the Owner Societies 2024
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Fig. 4 Natural transition orbitals (NTOs) of the S; state for 2,3-POA, 2,3-DPA, and 2,3-CZ, as well as T, state for 2,3-POA, T, state for 2,3-DPA, and T3

state for 2,3-CZ in toluene.

and the T; state of 2,3-CZ also corresponded to an HLCT state,
exhibiting similarities with the transition properties of the S;
state. Notably, the S, state of 2,3-POA exhibited a 21.31% from
LE proportion, whereas the T; state displayed a 31.21% LE
proportion, indicating a difference of 9.90%. Similarly, the S,
state of 2,3-DPA manifested a 40.96% LE proportion, while the
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T, state exhibited a 59.75% LE proportion, signifying a differ-
ence of 18.79%. Likewise, the S; state of 2,3-CZ showcased a
47.66% LE proportion, whereas, the T; state revealed a 65.60%
LE proportion, indicating a difference of 17.94%. Based on
these observations, it can be inferred that the S, and T, states of
2,3-POA exhibited the smallest SOC, whereas the SOC between
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Fig. 5 Calculated reorganization energies versus the normal mode frequencies for 2,3-POA, 2,3-DPA, and 2,3-CZ in toluene, respectively. Repre-

sentative vibration modes are shown as insets.
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the S; and T, states of 2,3-DPA, and between the S; and T;
states of 2,3-CZ, were of similar magnitudes.

Furthermore, as mentioned in Section 2, the FWHM is
closely related to the reorganization energy of the ground state.
Ideally, eliminating all vibrational transitions except for the
main emission peak is desirable; however, due to the redis-
tribution of charges in the S; state, it is not possible to
completely restrict structural changes. Therefore, the molecular
design of narrowband emitting TADF molecules requires smal-
ler reorganization energies. Similarly, we speculate that 2,3-CZ
has the smallest reorganization energy. Based on this point, we
analyzed the reorganization energies of the three molecules,
and the corresponding results are shown in Fig. 5. As we
speculated, the reorganization energy of 2,3-POA is the highest
with large contributions from high-frequency modes. There-
fore, we believe that changes in the bond length significantly
contribute to the reorganization energy. Moreover, the reorga-
nization energy of 2,3-DPA is smaller, while the reorganization
energy corresponding to the same high-frequency modes
remains larger. As for 2,3-CZ, the reorganization energy is the
smallest. Hence, we conclude that small reorganization ener-
gies are advantageous in reducing FWHM. Subsequently, we
analyzed the contributions from bond length, bond angle, and
dihedral angle to the reorganization energy, and the corres-
ponding results are shown in Fig. S5 (ESIT) and the calculated
data are summarized in Table 2. We find that for all three
molecules, bond lengths contribute the most, accounting for
62%, 47%, and 53%, respectively. Furthermore, to reveal the
effect of different donor groups on reorganization energies,
reorganization energy contributions from the bond length in
the donors of 2,3-POA, 2,3-DPA, and 2,3-CZ were analyzed, and
the corresponding results are shown in Table S1 (ESIt). We
know that the bond lengths between atoms 17 and 24 as well as
between atoms 17 and 25, exhibited significant contributions.

Based on this issue, we calculated the potential energy
curves for the bond lengths between atoms 17-24 and 17-25
for the three molecules, corresponding results are shown in
Fig. 6 and 7, respectively. As mentioned earlier, the FWHM is
closely related to the reorganization energy on the S, potential
energy surface. Therefore, we focus on the S, potential energy
surface. From Fig. 6, we can see that 2,3-POA has the largest
variation in reorganization energies attributed to changes in
the bond length (4,) value of 0.014 eV, followed by 2,3-DPA with
0.005 eV, and 2,3-CZ has the smallest 1, value of 0.003 eV.
Similarly, from Fig. 7, a similar pattern is determined with A,
values of 0.011 eV, 0.002 eV, and 0.001 eV for 2,3-POA, 2,3-DPA,

Table 2 Reorganization energies (cm™) for 2,3-POA, 2,3-DPA and 2,3-
CZ from the bond length, bond angle and dihedral angle in toluene,
respectively

Reorganization energy (cm ™)

Bond length  Bond angle  Dihedral angle  Total
2,3-POA 1216.28 497.85 247.47 1961.60
2,3-DPA 649.32 442.55 293.17 1385.04
2,3-CZ 719.31 316.44 321.68 1357.43
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Fig. 6 Potential energy curve of bond length between atom 17 and atom
24 for 2,3-POA, 2,3-DPA, and 2,3-CZ in toluene.

and 2,3-CZ, respectively. This result perfectly corresponds to
the previously mentioned pattern of FWHM. Therefore, we
conclude that the emission spectral broadening of these three
molecules is primarily related to the variation in the bond
lengths of the donor groups. In addition, we conducted simul-
taneous potential energy surface scans for the bond lengths
between the 17th and 24th atoms, as well as between the 17th
and 25th atoms, in the Sy, S;, and T; states of the three
molecules, and the obtained results are shown in Fig. S6 (ESIf).
The findings demonstrate that all three molecules exhibit a
single minimum energy configuration across the Sy, S;, and T
states, and no additional structures are discovered.

In addition, if there is little or no nuclear displacement
between the ground state and the excited state, indicating the
same configurations, the 0-0 transition dominates, as depicted
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Fig. 7 Potential energy curve of bond length between atom 17 and atom
25 for 2,3-POA, 2,3-DPA, and 2,3-CZ in toluene.

in Fig. S9(b) (ESIt). Conversely, if there is a significant nuclear
displacement, signifying a large configuration difference, the sce-
nario illustrated in Fig. S9(a) (ESIf) emerges, where the 0-0
transition deviates from the highest peak. Furthermore, the larger
the deviation, the greater the configuration difference between the
two states. Based on this, we employ FCclasses3 to calculate the
vibrational resolved spectra of the three molecules and annotate
the distance between the 0-0 transition and the highest peak, as
shown in Fig. 8. The figure reveals that the discrepancy between the
0-0 transition and the highest peak is 9.51 nm for 2,3-POA, 8.6 nm
for 2,3-DPA, and 3.96 nm for 2,3-CZ. Consequently, we posit that
smaller nuclear displacement corresponds to a smaller FWHM,
aligning with the conclusion obtained from Scheme 1.
Subsequently, we focussed on the effect of different donor
groups, and the interfragment charge transfer (IFCT) of
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the electrons between the acceptor and donor was calculated.
The obtained data are listed in Table 3. The results showed that
2,3-POA exhibited the strongest electron-donating ability
(0.92998), while 2,3-DPA had a weaker electron-donating ability
(0.68018), and 2,3-CZ had the weakest electron-donating
ability (0.48306).

Thus, based on these analyses, we conclude that a donor
group with weaker electron-donating ability is more favorable
for achieving a narrower spectral broadening in TADF emis-
sion. Moreover, a wise strategy to achieve narrowband emission
by constructing a shallow potential energy surface for the
ground state is theoretically proved and proposed.

4.2. Excited state dynamics of the TADF molecules

To investigate the TADF properties of these three molecules,
the geometric and electronic structures of the ground and
excited states were fully optimized, and the corresponding
energy landscapes are shown in Fig. S7 (ESIT). Results indicate
that 2,3-POA had a small energy difference between its S; and
T, states, measuring 0.06 eV. Similarly, 2,3-DPA has a small
energy difference between its S; and T, states, measuring
0.01 eV, while 2,3-CZ has a small energy difference between
its S; and T; states, measuring 0.03 eV. We then conducted
vertical excitation energy calculations for 2,3-CZ, as illustrated
in Fig. S8 (ESIt). The S, state exhibits a vertical excitation
energy of 3.13 eV, whereas the Ty, T,, T3, and T, states possess
energies of 2.68 eV, 2.91 eV, 3.11 eV, and 3.25 eV, respectively.
It is evident that the energy of the T; state is lower than that of
the S; state, while the energy of the T, state is higher. Therefore,
the related SOC constants, intersystem crossing (ISC), and
reverse intersystem crossing (RISC) rates were calculated, and
the corresponding results are shown in Table 4. The dominant
SOC constants of 0.06 cm %, 0.77 cm ', and 0.77 cm™ ' are
determined for 2,3-POA, 2,3-DPA, and 2,3-CZ, respectively.
Thus, the measured RISC rates are also promising with 2.65 x
10° 571, 2.94 x 108 s, and 5.24 x 10° s, respectively. Thus,
these findings demonstrate the favorable TADF properties of
2,3-POA, 2,3-DPA, and 2,3-CZ, as evidenced by their small
energy differences between the relevant states, significant
SOC constants, and efficient RISC rates.

Furthermore, to investigate the energy consumption pro-
cess, the transition dipole moments, oscillator strengths, and
radiative and non-radiative decay rates of the three molecules
were theoretically calculated, all these results are listed in
Table 5. We know that 2,3-POA exhibits the smallest transition
dipole moment of 0.87 Debye, while 2,3-DPA possesses a larger
value of 2.22 Debye, and 2,3-CZ has the highest transition
dipole moment of 2.69 Debye. The oscillator strengths followed
a similar pattern, measuring 0.006, 0.047, and 0.077, respec-
tively. Based on these values, we can anticipate the trends in
radiative decay rates, which are also confirmed by the calcula-
tions. Specifically, 2,3-POA exhibited the lowest radiative rate of
1.10 x 10° s™' and 2,3-CZ demonstrated the highest rate of
2.62 x 107 s~'. Additionally, 2,3-CZ displayed a relatively lower
non-radiative decay rate of 5.72 x 10’ s~'. Consequently, we
conclude that 2,3-CZ exhibits a higher luminescence efficiency.

Phys. Chem. Chem. Phys., 2024, 26, 5156-5168 | 5163


https://doi.org/10.1039/d3cp05875a

Published on 05 January 2024. Downloaded on 8/25/2025 11:31:10 AM.

View Article Online

PCCP Paper
0.006 33000
20001 - 0.16
= Ho0s @ 5 ' 300001 (XU}
- A = g =
o s\ Joon ;’ © 250001 0.12 r‘*
= — IR0 Y | R 0.10 =
. 0003 = ~
£ 1o} o ES (’E 1so00k oo =
% Joonz = E 006 =
£ 1] 10000 7]
= 500 | 5: < 0.04 5{
A - < =
P 0001 < w sk o
' aallels s N . 0000 ° L "y L 0.00
SI0 S40 S0 600 630 660 690 720 750 460 480 500 520 540 560 580 600
Wavelength (nm) Wavelength (nm)
2,3-POA 2,3-DPA
0.10 e——C1
70000 |
— C2
= 60000 [ o 4008 gn
P 396 - Cc3
=
E 50000 | ‘ h (<)
= wh Ho0s = C4
S 40000 f . | =
S| I El
mE E L | N : o004 § (&
E WA G G G SN S0 SAN S MG bl 7
E 20000 | Knergy (V) E C6
Jo002 =
10000 | | Cc7
0 seiihhs o bl 0.00 e ()()
420 440 460 480 500 520
Wavelength (nm)
2,3-CZ

Fig. 8 Emission spectra of the sample are shown, with the vibrational levels represented by C1-C7. The spectra are fitted using a Lorentzian function

with a HWHM of 0.036 eV.
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Scheme 1 Relationship between the basic physical parameters and
FWHM.

Table 3 Interfragment charge transfer (IFCT) of electrons between
acceptor (A) and donor (D)

A->D D—-A NetD —» A
2,3-POA 0.00053 0.93052 0.92998
2,3-DPA 0.00393 0.68411 0.68018
2,3-CZ 0.00409 0.48714 0.48306

Table 4 Calculated ISC and RISC processes and SOC constants (cm™?)
among Sy, Ty, T and T3 for 2,3-POA, 2,3-DPA and 2,3-CZ in toluene

2,3-POA <SI|I:ISO|T1> klsc(slﬁTl] (571) kRISC(TlﬂS!’J (571)
0.06 1.64 x 10° 2.65 X 10°

2,3-DPA (S1|Hso| T2) kisc(s, > ,) (371) kRISC(T2—>S§) (571)
0.77 9.30 x 10’ 2.94 x 10

2,3-CZ (811Hso| Ts) kiscis, 1) (57 kRISC(T$—>SE) (!
0.77 1.60 x 10° 5.24 x 10

As such, the analysis of the transition dipole moments, oscil-
lator strengths, and radiative, and non-radiative decay rates
revealed distinct characteristics among the three molecules.
Specifically, 2,3-POA demonstrates the smallest transition
dipole moment and radiative decay rate, while 2,3-CZ exhibits
the largest transition dipole moment and relatively lower non-
radiative decay rate, indicating its superior luminescence
efficiency.

5164 | Phys. Chem. Chem. Phys., 2024, 26, 5156-5168

Table 5 Rate constants of radiative and non-radiative from S; to Sg as well
as transition dipole moment (u) and oscillator strength (f) of S; for all
studied molecules in toluene

i (Debye) f ky (571] kar (571)
2,3-POA 0.87 0.006 1.10 x 10° 2.58 x 10’
2,3-DPA 2.22 0.047 1.30 x 10’ 5.89 x 10’
2,3-CZ 2.69 0.077 2.62 x 107 5.72 x 10’

5. Conclusions

In summary, the impact of the donor groups on the FWHM of
the vibrational resolved spectra was theoretically studied for the
three TADF molecules (2,3-POA, 2,3-DPA, and 2,3-CZ), excited
state energy consumption processes were revealed and an
efficient strategy to modulate FWHM was proposed. The results
showed that 2,3-POA had the largest FWHM of 96 nm, while
2,3-CZ had the smallest FWHM of 40 nm. By analyzing the
electronic structures and transition properties, we found that a
large LE proportion in the S, state is advantageous in reducing
the FWHM and that a donor group with weaker electron-
donating ability is more favorable for achieving narrowband
emission. By analyzing the geometric structures and reorgani-
zation energies, we know that small reorganization energies for
the S, state are beneficial for reducing the FWHM. Moreover,
bond lengths (atoms 17-24 and 17-25) in the donor unit
exhibited significant contributions to the reorganization ener-
gies and generated remarkable influence on the FWHM and
TADF properties. In addition, excited state energy consumption
processes are revealed by analyzing the radiative and non-
radiative as well as ISC and RISC rates, and the superior TADF
properties of 2,3-CZ were theoretically verified. Thus, a wise
strategy to achieve narrowband TADF emission by constructing

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d3cp05875a

Published on 05 January 2024. Downloaded on 8/25/2025 11:31:10 AM.

Paper

a shallow potential energy surface for the ground state was
theoretically proven and proposed. Overall, these findings
provide a theoretical perspective to realize mall FWHM and
facilitate the development of efficient TADF emitters with high
color purity.
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