
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:2

4:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A series of blue p
aCollege of Information Technology, J

Optoelectronic Materials and Devices, Jilin N
bState Grid Jilin Electric Power Supply Com

† Electronic supplementary informa
https://doi.org/10.1039/d4ra05828c

Cite this: RSC Adv., 2024, 14, 36895

Received 11th August 2024
Accepted 6th November 2024

DOI: 10.1039/d4ra05828c

rsc.li/rsc-advances

© 2024 The Author(s). Published by
hosphorescent iridium complexes
with thermally activated delayed fluorescence and
efficiency roll-off properties†

Zheng-Kun Qin, a Yun-Kai Zhang,a Hui Tian,ba Zi-Cong Pan,a Mei-Qi Wang,a

Lin Cui,a Jin-Yu Wang,a Li-Xin Bao,a Yu-Hao Wang,a Wan-Yi Zhanga

and Ming-Xing Song *a

Six iridium complexes were designed and studied using the DFT approach, (ppy)2Ir(pic) (1), (f4ppy)2Ir(pic) (2),

(ppy)2Ir(tmd) (3), (f4ppy)2Ir(tmd) (4), (ppy)2Ir(tpip) (5) and (f4ppy)2Ir(tpip) (6). Here ppy denotes phenylpyridine,

f4ppy denotes 2-(2,3,4,5-tetrafluorophenyl) pyridine, pic denotes benzoic acid, tmd denotes 5-hydroxy-

2,2,6,6-tetramethylhept-4-en-3-one and tpip denotes tetraphenylimido-diphosphinate. The geometries,

absorptions, emissions, frontier molecular orbitals, and spin–orbit coupling (SOC) constants of the 6

complexes were evaluated. An intriguing phenomenon was observed during the excitation process of

these molecules. It was discovered that, in the ground state, the Frontier Molecular Orbitals (FMOs) of

these molecules were loosely arranged throughout the molecule. However, in the Lowest Unoccupied

Molecular Orbitals (LUMO) of the triplet excited state, the FMOs become concentrated around the metal

core and a maximum of two ligands. Furthermore, the analysis of the energy difference between the

lowest singlet excited state and the lowest triplet excited state (DES1T1
) of these complexes in conjunction

with their spin–orbit coupling performance indicated that complex 1 exhibits characteristics consistent

with Thermally Activated Delayed (TAD) fluorescence. We hope that this research can serve as

a reference for practical experimental synthesis.
1. Introduction

Organic Light Emitting Devices (OLEDs) have garnered signi-
cant interest due to their potential applications in at panel
displays and solid-state lighting.1 Transition metal complexes,
such as those containing Pt, Ir, Os and Rh, are critical in OLED
research2–10 due to their strong spin–orbit coupling, which
facilitates intersystem crossing (ISC) and reverse intersystem
crossing (RISC) processes.11–14 Ir complexes are of particular
interest due to their three-dimensional spatial structure and low
turn-on voltage (less than 3 V).15 TAD uorescence has been
observed not only in Thermally Activated Delayed Fluorescence
(TADF) materials, but also in Ir complexes.16 As widely used
electroluminescent phosphorescent materials, octahedral Ir
complexes have applications in red, green and blue OLEDs. A
large number of theoretical and experimental studies have been
reported on Ir(piq)3, Ir(ppy)3 and FIrpic in the eld of red, green
and blue electroluminescent materials.17–25 The Ir complex
exhibits an exceptionally high transient efficiency,26 yet its
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pronounced efficiency roll-off remains a pressing issue that
requires urgent resolution. At the same time, research on TAD
characteristics in Ir complexes remains sparse.

In this article, based on FIrpic with its excellent perfor-
mance, we designed highly symmetric complex 1.27–30 In order to
increase axial symmetry and reduce the steric hindrance of the
whole molecule, especially the auxiliary ligands, complexes 3
and 5 were designed. As the previous research of our group
observed that axially symmetric ligands were useful for
enhancing the transitions between the Ir metal core and ligands
in LUMO,31–37 the effects of the two auxiliary ligands acac and
tpip on the FMOs of the LUMO are shown in Table 2 in ref. 32.
Complexes 2, 4, and 6 were also designed by substituting F
atoms for the four free H atoms upstream of the benzene ring of
the ppy ligands. Due to the involvement of F atoms, which act as
powerful electron withdrawing groups, the distances for charge
transitions and the efficiency roll-off in the emission process
were reduced. Then, combining the FMOs of the different
energy levels of the single and triple excited states and SOC
characteristics, we found a promising complex, complex 1, with
lower DEst and higher SOC characteristics, indicative of TAD
characteristics.38 We hope that our research can provide insight
into the synthesis of highly efficient electroluminescent mate-
rials and promote the development of OLED technology.39–41
RSC Adv., 2024, 14, 36895–36901 | 36895
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2. Methodology

The ground state geometric structures were calculated by
Gaussian 09 soware with DFT and TD-DFT methods at the
Becke'Slyp (B3LYP) functional level. The calculation basis set
employed was 3-21G (for short period elements), while the
LanL2DZ pseudopotential was applied to iridium only, later
marked as (B3LYP/3-21G & LanL2DZ). The absorptions and
emissions of these 6 complexes were calculated in the CH2Cl2
environment using the implicit solvent model PCM in the
Gaussian 09 soware. The absorption, singlets and triplets
excited state geometric structures of 6 Ir complexes were
calculated using Gaussian 09 under B3LYP/6-31G(d) &
LanL2DZ. The emissions were calculated by Gaussian09 under
M06-2X/6-31G(d) & LanL2DZ. The SOC constants of the 6 Ir
complexes between the singlet excited states and triplet excited
states were calculated utilizing the DKH-def2-TZVP all-electron
basis set with the DFT and TD-DFT methods at B3LYP function
and Douglas–Kroll Hamiltonian matrix elements by ORCA
version 5.0.3.37–44
Fig. 1 The structures of 1–6.

Table 1 Bond lengths and angles for the ground (S0) and lowest excited

Complex States

Selected bond distances (Å)

R1 R2 R3 R4

1 S0 2.046 2.062 2.019 2.022
T1 2.036 2.080 1.939 1.986

2 S0 2.052 2.064 2.020 2.023
T1 2.038 2.076 1.959 1.995

3 S0 2.049 2.049 2.009 2.009
T1 2.036 2.071 1.934 1.980

4 S0 2.053 2.053 2.010 2.010
T1 2.038 2.068 1.954 1.986

5 S0 2.049 2.049 2.007 2.007
T1 2.035 2.073 1.923 1.975

6 S0 2.052 2.052 2.006 2.006
T1 2.040 2.067 1.950 1.981

a R1 = RIr-N1, R2 = RIr-N2, R3 = RIr-C1, R4 = RIr-C2, R5 = RIr-N3/O1, R6 = RIr-O1
= angle N1–Ir–N3/O1, A5 = angle N–Ir–O1/N2.

36896 | RSC Adv., 2024, 14, 36895–36901
3. Results and discussion
3.1 Geometries of the ground state S0 and the lowest-lying
triplet state T1

The names and geometry structures of complexes 1–6 are shown
in Fig. 1. Complexes 1–6 consist of an Ir metal core with three
ligands, which include two main ligands and one auxiliary
ligand. The symmetry of the geometric structure is enhanced by
the two main ligands and the auxiliary ligand of complexes 3–4
and 5–6 (tmd and tpip), which are strongly symmetrical.31–33 The
effects of the symmetry on the chemical properties were studied
by comparing complexes 1–2 whose auxiliary ligands are widely
used in blue and green luminescent materials, and the auxiliary
ligands of complexes 3–4 and 5–6. The optimized S0 molecular
geometric structures of complexes 1–6, which provide a clearer
description of the changes between the S0 state and the T1 state
of the important atom of complexes 1–6 are shown in Fig. S1
and Tables S1–S6.†

The main ligand ppy is composed of a pyridine ring with
a benzene ring substituted for one of the hydrogen atoms. The
ligand f4ppy is derived from ppy, where the four free H atoms on
the benzene ring are replaced by four F atoms. The active N
atoms on the pyridine rings enhance the electron transfer
capabilities between the ligands and the metal core.42–44

In the S0 state, because complexes 3–6 have twomain ligands
and a symmetrical auxiliary ligand. The lengths of the Ir–N1 and
Ir–N2 bonds of complexes 3 and 5 are similar to the lengths of
complexes 4 and 6, as shown in Table 1. A comparison between
the S0 and T1 of the 6 complexes reveals that almost all the R2,
R5, R6, A1, A2, A3 and A4 tend to increase, while nearly all of the
R1, R3, R4 and A4 tend to decrease. In contrast, the auxiliary
ligands of complexes 1 and 2 (ppy) are unsymmetrical, so the
bond lengths of complexes 1 and 2 are different. This also leads
to different levels of steric hindrance on the two main ligands;
the main ligand near the benzene ring of ppy is pushed away.
Aer comparing the S0 and T1 state data, we found that the two
main ligands and the metal core are different in that one is
states (T1) of complexes 1–6a

Selected bond angles (deg.)

R5 R6 A1 A2 A3 A4 A5

2.168 2.157 175.2 80.7 95.0 89.6 91.4
2.256 2.256 176.0 82.7 95.4 87.9 92.5
2.150 2.132 177.5 79.9 97.7 87.7 91.7
2.217 2.176 177.9 81.8 98.4 85.5 92.6
2.170 2.169 176.6 80.8 96.9 89.5 92.9
2.229 2.214 177.8 82.7 97.0 87.6 93.8
2.144 2.144 179.2 80.1 99.4 87.6 93.0
2.199 2.185 179.3 81.8 99.6 85.6 93.7
2.225 2.226 175.3 80.9 95.8 94.3 89.0
2.302 2.273 177.8 82.9 97.0 91.2 90.7
2.194 2.194 178.5 80.3 98.7 91.2 89.9
2.267 2.247 179.9 82.0 99.6 89.0 91.3

/N2, A1 = angle N1–Ir–N2, A2 = angle N1–Ir–C1, A3 = angle N1–Ir–C2, A4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The initial orbital and final orbitals of the 5 states in complex 1
with higher oscillator strengths

State Initial orbital Final orbital Oscillator strength

1 HOMO LUMO 0.0055
7 HOMO−1 LUMO+2 0.1018
25 HOMO−4 LUMO+2 0.1210
27 HOMO−5 LUMO+2 0.1195
29 HOMO−3 LUMO+4 0.2055
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closer to the metal core and the other is far away from the Ir
atom. The FMOs of these compounds in the T1 state are more
concentrated in the main ligand, which makes more bonding
orbitals concentrated in this position. Denser bonding orbitals
oen mean stronger interaction forces, which will lead to closer
distances. Although the ground and excited states of complexes
1–6 exhibited so many geometric changes, their excitation
processes and charge transitions were not affected. This shows
that these complexes were stable.

3.2 Frontier molecular orbital properties

Differences in molecular structures and functional groups are
bound to lead to different properties. Certain substituents tend
to have impacts on the electrochemical properties, luminescent
properties and the FMOs of the entire molecule. Some of these
effects are desirable, but some are minimal or unavoidable. In
this section, the changes in the energy levels, energy gaps and
FMOs of the S0 and T1 states of the complexes will be mainly
Table 2 Simulated calculated absorption data of the 6 complexes in
wavelength and 4 excited states with higher oscillator strengths, along w
charge transfer between ligands

Complex States Energy (nm eV−1) Oscillator Main

1 S1 440/2.82 0.047 HOM
S7 347/3.58 0.126 HOM
S25 283/4.37 0.064 HOM
S27 279/4.44 0.063 HOM
S29 269/4.60 0.470 HOM

2 S1 399/3.11 0.006 HOM
S6 334/3.72 0.094 HOM

S19 292/4.24 0.073 HOM
S20 290/4.27 0.077 HOM
S27 270/4.59 0.232 HOM

3 S1 436/2.84 0.051 HOM
S18 342/3.63 0.073 HOM
S19 308/4.02 0.095 HOM
S20 285/4.35 0.165 HOM
S27 269/4.61 0.119 HOM

4 S1 404/3.07 0.047 HOM
S18 288/4.31 0.126 HOM

S19 286/4.33 0.064 HOM
S20 283/4.37 0.063 HOM
S27 265/4.68 0.107 HOM

5 S1 443/2.80 0.038 HOM
S6 357/3.48 0.130 HOM

S17 300/4.14 0.091 HOM
S24 286/4.33 0.123 HOM

S29 280/4.43 0.098 HOM
6 S1 412/3.01 0.036 HOM

S5 345/3.59 0.106 HOM
S11 299/4.15 0.069 HOM

S25 275/4.50 0.269 HOM
S26 274/4.91 0.139 HOM

© 2024 The Author(s). Published by the Royal Society of Chemistry
discussed. We obtained the energy levels and energy gaps of the
ground and excited states of these complexes and these are
shown in Fig. S2 and Tables S1–S6† (these tables can be found
in the ESI†). The details of the FMOs are shown in Table 2. The
oscillator strength is the main reference data used to measure
the molecular excitation. The larger oscillator strength oen
means a greater probability of excitation. When f < 0.01, the
transition is very unlikely, it is effectively forbidden.
the CH2Cl2 environment, showing the excited state with the longest
ith their energy, oscillator values, orbital contribution of each state and

congurations Assignation

O / LUMO (70%) Bz1/Bz2/pic / pic
O−1 / LUMO+2 (55%) pic / Bz1/Mp1/Bz2/Mp2
O−4 / LUMO+2 (37%) Bz1/Mp1/Bz2/Mp2 / Bz1/Mp1/Bz2/Mp2
O−5 / LUMO+2 (45%) Bz1/Bz2/pic /Bz1/Mp1/Bz2/Mp2
O−3 / LUMO+4 (45%) Bz1/Mp1/Bz2/Mp2 / Bz1/Mp1/Bz2/Mp2
O / LUMO (70%) FBz1/FBz2/pic / Mp1/pic
O−1 / LUMO+2 (66%) FBz1/Mp1/FBz2/Mp2/pic / FBz1/Mp1/

pic
O−4 / LUMO+1 (62%) FBz1/Mp1/FBz2/Mp2 / FBz2/Mp2
O−4 / LUMO+2 (53%) FBz1/Mp1/pic / FBz1/Mp1/pic
O−1 / LUMO+5 (50%) FBz1/Mp1/FBz2/Mp2/pic / FBz1/Mp1/

Mp2/pic
O / LUMO+1 (70%) Bz1/Bz2/tmd / Bz1/Mp1/Bz2/Mp2
O−4 / LUMO+1 (53%) Bz1/Mp1/Bz2/Mp2 / Bz1/Mp1/Bz2/Mp2
O−1 / LUMO (69%) tmd / Bz1/Mp1/Bz2/Mp2
O / LUMO+5 (50%) Bz1/Bz2/tmd / Bz1/Bz2/tmd
O−2 / LUMO+4 (47%) Bz1/Mp1/Bz2/Mp2/tmd / Bz1/Mp1/Bz2/

Mp2
O / LUMO+1(70%) FBz1/tmd / FBz1/Mp1/FBz2/Mp2
O−4 / LUMO+1 (54%) FBz1/Mp1/FBz2/Mp2 / FBz1/Mp1/FBz2/

Mp2
O−1 / LUMO (69%) FBz2/tmd / FBz1/Mp1/FBz2/Mp2
O / LUMO+5 (50%) FBz1/tmd / FBz1/FBz2/tmd
O−2 / LUMO+4 (47%) FBz1/Mp1/FBz2/Mp2/tmd / FBz1/Mp1/

FBz2/Mp2
O / LUMO (69%) Bz1/Bz2/tpip / Bz1/Mp1/Bz2/Mp2/tpip
O−2 / LUMO (44%) Mp1/Mp2/tpip / Bz1/Mp1/Bz2/Mp2/

tpip
O−3 / LUMO+1 (44%) Bz1/Mp1/Bz2/Mp2 / Bz1/Mp1/Bz2/Mp2
O−4 / LUMO (44%) Bz1/Mp1/Bz2/Mp2/ Bz1/Mp1/Bz2/Mp2/

tpip
O−6 / LUMO+2 (50%) Bz1/Bz2 / tpip
O / LUMO+1 (69%) FBz1/FBz2/tpip / FBz1/Mp1/FBz2/Mp2
O−2 / LUMO+1 (55%) Mp1/Mp2/tpip / FBz1/Mp1/FBz2/Mp2
O−3 / LUMO (46%) FBz1/Mp1/FBz2/Mp2 / FBz1/Mp1/FBz2/

Mp2/tpip
O−2 / LUMO+4 (33%) Mp1/Mp2/tpip / Mp1/Mp2/tpip
O / LUMO+4 (53%) Bz1/Bz2/tpip / Mp1/Mp2/tpip

RSC Adv., 2024, 14, 36895–36901 | 36897
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Fig. 2 The FMOswhich participated in the S0–S1 transition of complex
1. The figures of frontier molecular orbital are all made using multifwn
software.45
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Thus, we devoted greater attention to the excitation process
with f > 0.01. In the excitation process of complex 1, there is an
interesting phenomenon in that this molecule seems to prefer
Fig. 3 The absorption spectra fitted through simulations of complexes

36898 | RSC Adv., 2024, 14, 36895–36901
to transition to LUMO+2 and LUMO+4 levels, as shown in Table
1 (the upper le corner of the picture is the auxiliary ligand, the
middle is the Ir core, and the lower right part is the main
ligands). This is contrary to our expectation that the main
transition of the molecule is from the HOMO to LUMO. Analysis
of the molecular orbitals of these energy levels reveals that
oscillator strength transitions with larger oscillator strengths
tend to occur between orbitals such as HOMO−1, HOMO−4 to
LUMO+2, HOMO−5 to LUMO+2 andHOMO−3 to LUMO+4. The
frontier molecular orbitals of HOMO−1, HOMO−4 and
HOMO−5 are mainly located on the metal core Ir and the main
ligands, and the same is true of the FMOs of LUMO+2. The
distribution of the FMOs of HOMO−3 and LUMO+4 also have
large overlaps, as shown in Table 3 and Fig. 2. Therefore, we can
speculate that complex 1 is more likely to undergo these tran-
sitions to the LUMO+2 energy level, rather than LUMO or other
non-occupied orbitals for the following reasons: (1) the energy
required for the transition from HOMOs to LUMO+2 is small,
only 3.58 eV, so the transition is more likely to occur. (2) The
molecular orbital of LUMO+2 is closer to that of the HOMOs.

Although the transitions of complexes 1–6 are metal-to-
ligand charge transfer (1MLCT) and ligand-to-ligand charge
transfer (1LLCT), the data indicate that the transitions occur
preferentially on more reactive chemical bonds and groups.
They act like a bridge, which allows electronic transitions to
take place. Combined with the data of the previous section, the
1–6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The energy levels and FMOs of S0, T1 and S1 for complexes 1–6
(from left to right: complexes 1–6, from top to bottom: S1, T1, and S0).
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Ir–N bond and the Ir–C bond are between Ir and the main
ligands, and the Ir–N bond and the Ir–O bond are between Ir
and the auxiliary ligand.36,37 The N and C atoms are more active
than the O atom, and electron transfer occursmore easily on the
Ir–N and Ir–C bonds.46–48 The same situation also occurs in
complexes 3 and 5. The frontier molecular orbital distribution
of HOMOs and LUMOs of complex 5 is concentrated on the Ir
and two main ligands, which are very similar and dense, as
shown in Table 2. In the process of transitions with greater
oscillator strength, the distribution of FMOs between energy
levels is oen more similar. On complexes 2, 4, and 6, this
phenomenon still exists. Due to the strong electron-donating
ability of F atoms, the FMOs of the uorinated complexes
have undergone some changes, that is, the FMOs is closer to the
center of the main ligands and away from the metal atom and
auxiliary ligand. A comprehensive overview of this information
can be found in Tables S1–S6.† Due to the similarity in the
molecular orbitals between the energy levels, the distribution of
oscillator strength is no longer fragmented, but smoother and
more continuous.
3.3 Absorption and emission in CH2Cl2 media

We calculated that the emission spectrum of FIrpic is 472 nm,
which is close to the 470–494 nm reported by E. Baranoff and B.
F. E. Curchod in 2014, thus verifying the feasibility of this
method.23–25 We calculated the absorption wavelength and
oscillator strength of complexes 1–6 in the absorption process.
It was found that their absorption spectra were mainly
concentrated around 300–375 nm, with a main and strong
absorption peak near 300 nm and a weak absorption peak near
400 nm. The absorption of complexes 1–6 is shown in Fig. 3. In
the vicinity of 500 nm, the oscillator strength of complexes 1–6
is extremely low (<0.01), indicating minimal absorption in this
region.

The emission spectra of complexes 1–6 were evaluated and
determined to be 464 nm, 465 nm, 470 nm, 469 nm, 479 nm and
476 nm, and they displayed a distribution within the band
ranging from 460–480 nm, which corresponded to blue-green
light. Combining Table 4 and Fig. 4, the F atoms do not
signicantly contribute to the FMOs, so the emission spectra of
complexes 1, 2, 3, 4, 5 and 6 are similar. Concerning the FMOs
at the S0 state and T1 state energy levels of complexes 1–6, it was
found that the molecular orbitals of complexes 1–2 are mainly
distributed on the Ir metal core with an identical ppy/f4ppy. The
molecular orbitals of the S0 state of complexes 3–6 are mainly
Table 4 Emission spectra, energy gaps, orbital participation rates and tr

Complex Emissions (nm eV−1)

1 464/2.67/467a

2 465/2.67
3 470/2.64
4 469/2.64
5 479/2.59
6 476/2.60

a Ref. 23.

© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrated on the Ir metal core and two ppy/f4ppy, while the
molecular orbitals of the T1 state of complexes 3–6 are mainly
concentrated on the Ir metal core and one ppy/f4ppy. The FMOs
of complexes 1–6 exhibit a considerable overlap in the S0 and T1

states, with these overlaps concentrated on the main ligand,
thereby reducing the distance of the electron transition. The
contribution of the LUMO of Ir in complexes 1–6 is minimal,
both singlet excited states and triplet excited states, which is not
as prominent as that in HOMO. Concurrently, this showed that
these complexes exhibited 1MLCT and 3MLCT when shiing
from the LUMO to the HOMO. Themain ligands nearly make up
the entirety of the LUMO of the triplet excited state of complexes
1–6, particularly, complexes 3–6, this showed these complexes
exhibited 3LLCT.

The reason for this is that, on the one hand, auxiliary ligands
with strong electron-donating ability, such as methyl groups
and benzene rings on the auxiliary ligands (acac, tpip) of
complexes 3–6, lead to a higher concentration of molecular
orbitals on the principal ligand of the molecule. On the other
hand, the active Ir–N bond and p-conjugation on the main
ligand pyridine ring result in a substantial number of active
electrons on the main ligand. The greater the number of active
electrons, the stronger the ability for electron transition and the
lower the energy dissipation during the transition process,
which is helpful for the effective operation of the device in the
high current density environment. The characteristics of low
efficiency roll-off of the materials are realized.
ansition modes of complexes 1–6

Major contribution Character

L / H (57%); L / H−1 (34%) 3MLCT/3LLCT
L / H (55%); L / H−1 (40%) 3MLCT/3LLCT
L / H (58%); L / H−2 (34%) 3MLCT/3LLCT
L / H (56%); L / H−2 (39%) 3MLCT/3LLCT
L / H (59%); L / H−1 (34%) 3MLCT/3LLCT
L / H (57%); L / H−1 (37%) 3MLCT/3ILCT
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Table 5 The energy levels and gaps of complexes 1–6

Complex ES0 ES1 ET1
DET1S0(eV) DES1S0(eV) DET1S1(eV)

1 −5.23602 −2.41882 −2.56442 2.6716 2.8172 0.1456
2 −5.05996 −1.95196 −2.39366 2.6663 3.108 0.4417
3 −4.98867 −2.14757 −2.34957 2.6391 2.8411 0.202
4 −5.76093 −2.69493 −3.11673 2.6442 3.066 0.4218
5 −5.5797 −2.7783 −2.9896 2.5901 2.8014 0.2113
6 −5.48963 −2.47703 −2.88683 2.6028 3.0126 0.4098

Table 6 The sum of the square roots of the modes of the spin–orbit
coupling matrix elements of S1 and T1 of complexes 1–6 and the spin–
orbit coupling constant

Complex

MS = 0 MS = 1 MS = −1

hS1jĤ socjT1iRe Im Re Re Im Re

1 0 34.04 9.77 −27.02 9.77 27.02 53.01
2 0 44.18 −0.48 −28.19 −0.48 28.19 59.51
3 0 −51.52 −27.64 −19.23 −27.64 19.23 70.16
4 0 23.03 12.39 8.58 12.39 −8.58 31.38
5 0 −0.06 −0.05 −5.63 −0.05 5.63 7.96
6 0 −0.07 −0.29 46.5 −0.29 −46.5 65.76

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:2

4:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.4 Thermally activated delayed (TAD) characteristics and
spin–orbit coupling (SOC) coefficients

The energy levels of the singlet and triplet states of complexes
1–6 were calculated. It is 0.369 eV in complex 1, which is close to
the value of DEst of thermally activated delayed uorescence
materials. Therefore, we speculate that complex 1 may have
similar properties to TADF materials. At the same time, the SOC
constants of complexes 1–6 were evaluated and are shown in
Tables 5 and 6. The spin–orbit coupling constant of S1 to T1 is
the sum of the square roots of the modes of the spin–orbit
coupling matrix elements of the three sub-states of the S1 state
and T1 state with triple state spin–magnetic quantum numbers
of 0, 1 and −1 respectively, as:

hS1jH_SOjT1i = sqrt((Re0)
2 + (Im0)

2 + (Re1)
2

+ (Im1)
2 + (Re−1)

2 + (Im−1)
2) (2)

The value of complex 1 is 53.01, which also shows that it is
very possible to carry out the interstice channeling from the S1
state to the T1 state and reverse interstice channeling. It is
possible for complex 1 to carry out delayed uorescence
radiation.48–50 Smaller DEST and larger SOC constants were the
effective parameters to characterize whether the complex
exhibited TAD characteristics. The data indicate that complex 1
shows great potential in TAD performance.
4. Conclusions

This report demonstrates how different auxiliary ligands affect
absorption and emission. We obtained more ideal blue-
phosphorescent materials by analyzing the performance of
the auxiliary ligands. The molecular emission spectra of the six
36900 | RSC Adv., 2024, 14, 36895–36901
complexes designed in this paper are 464, 465, 470, 469, 479,
and 476 nm, the charge transfer transition characteristics were
mainly 3MLCT and 3ILCT with minimal 3LLCT. In the case of
complexes 2, 4 and 6, it was found that the introduction of any
strong electron-withdrawing group, such as uorine, will affect
the FMOs. However, the emission spectrum of a molecule
containing a uorine atom will not undergo a blue shi. The
emission spectra of molecules whose uorine atoms occupy
only a very small number of orbitals contested only by neigh-
boring carbons will not be blue-shied. At the same time, some
complexes exhibit high SOC constants and properties similar to
TADF materials, and we believe that these complexes are
promising candidates for luminescent materials in OLEDs. We
hope that our theoretical research can provide insight into
designing phosphorescent light-emitting materials with TAD
properties.
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Details on the calculation methods used in this study are
provided in the ESI, including Fig. S1, S2 and Tables S1–S6,†
which show the ground states of the complexes.
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